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ABSTRACT 
A pressurized water reactor primary environment can have 

a deleterious effect on the fatigue lifetime of austenitic stainless 

steels. There is a need to develop a greater understanding 

behind the effect of a pressurized water reactor primary 

environment on the fatigue behaviour of austenitic stainless 

steels. One of the ways that we can improve our mechanistic 

understanding is by carrying out striation spacing analysis. 

Striation counting is a widely used technique in fatigue 

failure investigations where it is typically used to infer 

information on crack progression, including the estimation of 

propagation rates and number of applied loading cycles.  

Standardised procedures for performing striation counting are 

uncommon, especially for environmental fatigue in a high 

temperature pressurized water reactor primary water 

environment where differences in fracture surface morphology 

and oxide coverage can lead to additional complications in 

performing an analysis.      

One of the main goals of the EU Horizon 2020 INCEFA-

SCALE project is to develop an improved mechanistic 

understanding of fatigue in these systems through extensive 

characterisation of laboratory tested specimens. As part of this 

work, this paper describes the development of a standardised 

and robust striation counting procedure for the low cycle 

fatigue of austenitic stainless steels operating in both air and 

simulated pressurized water reactor environments.  

Additionally, results are presented from round robin exercises 

that involved eight partners of the INCEFA-SCALE consortium. 

Keywords: Environmentally Assisted Fatigue, Pressurized 

Water Reactor, Stainless Steel 

NOMENCLATURE 
a crack length  

BPVC Boiler and Pressure Vessel Codes 

C(T) compact tension  

EAF environmentally assisted fatigue 

HT high temperature 

LCF low cycle fatigue 

MRE mean relative error 

MSC microstructurally small cracks 

NPP nuclear power plant 

PWR pressurized water reactor  

RR  Round Robin  

RRI  Round Robin I 

RRII  Round Robin II 

RT  room temperature 

SEM scanning electron microscope  

ΔK  stress intensity factor range 

 

1. INTRODUCTION 
Fatigue is a progressive degradation mechanism that can 

occur in materials that are subjected to cyclic loading, and is a 

major concern in the safe design and construction of nuclear 

power plant (NPP).  For components constructed from 

austenitic stainless steel, such as primary circuit pipelines, it is 

now well established that operation in a high temperature (HT) 
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water environment can lead to a decrease in the effective 

fatigue lifetime of these materials [1]. 

There is an extensive amount of laboratory data available 

concerning the environmentally assisted fatigue (EAF) 

behaviour of austenitic stainless steels in a simulated 

pressurised water reactor (PWR) primary environment, but 

nonetheless significant gaps in understanding remain. Two of 

the primary knowledge gaps are the transferability of laboratory 

scale data to component scale behaviour, and a comprehensive 

mechanistic understanding of EAF in a corrosive PWR primary 

environment [2].  INCEFA-SCALE (Increasing Safety in NPPs 

by Covering Gaps in Environmental Fatigue Assessment – 

Focusing on Gaps Between Laboratory Data and Component 

Scale) is a collaborative project that aims to address these two 

gaps through a multi-laboratory low-cycle fatigue (LCF) testing 

programme supported by  detailed microstructural 

characterisation work. This paper focuses on some of the 

groundwork and preparation for developing an improved 

mechanistic understanding of EAF in austenitic stainless steels 

through detailed post-test characterisation of endurance 

specimens.  

Fatigue design codes such as Section III of the ASME 

Boiler and Pressure Vessel Codes (BPVC) [3] are usually based 

on fully-reversed and cyclically loaded small scale fatigue 

testing under a constant strain or stress amplitude.  In these 

tests, fatigue failure is typically defined as the number of cycles 

to either separation of the specimen or, in the case of strain 

controlled testing, to a predefined load drop (e.g. 25% from a 

measured stable response).  These failure criteria typically 

represent the achievement of cracks with lengths on the mm 

scale and are practical from an engineering design point of 

view, however they are relatively coarse with regards to the 

mechanistic processes underlying fatigue.  

The process of accumulating fatigue damage can be 

separated into a series of stages that are each governed by 

different physical mechanisms. In a nominally uncracked 

specimen that is subjected to suitable cyclic loading, fatigue 

damage first develops as an accumulation of plastic strain in the 

microstructure, typically in areas surrounding geometric 

discontinuities such as at the surface of the specimen and 

around defects such as pores or inclusions.  Eventually, this 

leads to the local separation of material and nucleation of a 

microstructurally short crack (MSC).  Once a crack has been 

established, if the loading is sufficient to overcome intrinsic 

microstructural barriers (e.g. grain boundaries) the crack will 

propagate as a microstructurally short crack, with growth rates 

being heavily influenced by the local microstructure and 

difficult to predict using standard engineering methods.  As the 

crack grows, the relative influence of the microstructure 

becomes less important as the crack front samples a larger 

volume of the material.  At this stage the crack can be described 

as being mechanically short (approx.. 100-500 μm), with 

growth rates become more stable and able to be described with 

improved confidence using elastic-plastic fracture mechanics 

techniques.  As the crack continues to grow, the relative size of 

the plastic zone at the tip of the crack becomes smaller 

compared to the overall component size and crack growth rates 

become readily predictable using standard linear-elastic fracture 

mechanics techniques.  At this point (approx.. 1-2 mm) the 

crack can be considered to be propagating as a long crack and 

will continue to grow until some failure criterion such as plastic 

collapse or fracture leads to the failure of the component. 

During crack propagation stages, plastic deformation at the 

crack tip can lead to the formation of local features on the 

fracture surface called striations [4].  Striations are typically 

characterised as linear features that are parallel to the 

propagating crack front with a spacing that is proportional to 

the rate of crack advance.   

EAF affects each of the described fatigue stages in 

different ways due to the complex and varying interactions 

between microstructure, environment and mechanical factors 

throughout the fatigue life. Furthermore, more complex loading 

conditions than those used in deriving standard fatigue curves, 

such as variable amplitude loading, are also expected to affect 

each stage in different ways. Standard EAF analysis 

procedures, such as the Fen method presented in Ref [1, 5], 

effectively combine and average out environmental effects over 

all of the fatigue stages by only applying a single factor to 

results corresponding to the development of a long crack. A key 

enabler for the development of improved analytical methods 

and mechanistic understanding is the ability to separate out and 

understand crack propagation throughout each of the individual 

stages of fatigue. In the absence of in-situ monitoring of crack 

growth during an endurance test (which is experimentally 

complicated to implement) striation data represents a valuable 

way of reconstructing the crack history following the 

conclusion of the experiment.    

Whilst striation counting is a commonly used technique in 

failure investigations, to the authors’ knowledge there are no 

standardised procedures or universal guidelines for the 

measurement and evaluation of fatigue striations on endurance 

specimens exposed to a simulated PWR primary environment. 

Additionally, the authors are not aware of any studies where 

striation counting has been applied in a multi-laboratory testing 

and characterisation programme like that of INCEFA-SCALE 

[6]. In recognising the challenges associated with striation 

counting, it was decided that a standardised procedure should 

be developed to ensure common working practices. 

In the following sections the development of a striation 

spacing procedure for the characterisation of LCF endurance 

specimens tested in a simulated PWR primary environment and 

high temperature (HT) air will be presented along with how 

some of the aforementioned sources of uncertainty and error 

can be addressed, and the lessons learned from the application 

of this procedure.  

2. PROCEDURE DEVELOPMENT 
A procedure for the evaluation of striations spacings on 

fatigue endurance specimens was developed using an iterative 

approach. The work began with a first Round Robin (RR), 

where participants were instructed to apply their own 

organisation’s method or procedure for striation spacing 

counting and evaluation, after which the outcomes were 
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analysed and compared. Based upon these outcomes and 

lessons learned, a standard procedure was developed and tested 

in a second RR.  

 

2.1 Application of Individual Methodologies – Round 
Robin I 
Two scanning electron microscope (SEM) micrographs 

were obtained from a nominal Type 304L austenitic stainless 

steel for the initial Round Robin (RRI). The first image was an 

LCF endurance specimen tested in room temperature (RT) air at 

a strain amplitude (εa) of 0.6 %, and with a strain rate of         

0.4 %/s. The second image was taken from a compact tension 

(C(T)) specimen tested in a simulated PWR primary 

environment from an area where fully established long crack 

growth had developed, using a stress intensity factor (ΔK) of 

approximately 37 MPa·√m, from an Out of Phase temperature 

stage between 150-290 °C.  Images were distributed to the RRI 

participants, and participants were instructed to perform their 

evaluation according to their internal best practices and 

procedures.  

After completing their evaluations, the participants 

provided a brief description of their internal methodology for 

striation spacing evaluation. Most organizations applied a very 

similar approach, see Fig. 1. In general, this approach involved 

drawing a straight line of known length, perpendicular to and 

across a “patch” of identified striations (e.g. for Fig. 1, 

6.881 µm). The number of striation intersections (red x’s in 

Fig. 1) with the line were counted and the average striation 

spacing for the patch was calculated by dividing the line length 

by the number of striations (e.g. for Fig. 1, 

10 striations/6.881 µm). This process was repeated several 

times, on several different striation patches, at a given crack 

length or given SEM image area.  

 

 
FIGURE 1. REPRESENTATIVE IMAGE OF A METHOD 

FOR STRIATION SPACING EVALUATION AND 

COUNTING.  

 

At a minimum, participants reported back the following 

information for each measurement:  line length (in μm), number 

of striations counted along that line, and average striation 

spacing (μm/striation). It was expected, but not explicitly 

mentioned, that the participants were to report the results for 

several different lines in each micrograph. The participants 

were also instructed to overlay the images with the lines used 

for counting, along with any relevant line ID that corresponded 

to their results file. It was assumed that performing the RR 

using pre-captured images, rather than on images captured by 

the individual participants, and the necessity to re-measure the 

scale bar (used to set the ratio of microns to pixels), has a 

negligible impact on the outcomes of this exercise. 

 

2.2 RRI Results  
The results from this first exercise for a specimen tested in 

RT air can be found in Fig 2. The measurement locations used 

by each participant have been overlaid onto the original SEM 

micrograph and can be seen in Fig 2(a). The average striation 

spacing, as calculated by each participant can be found in Fig 

2(b). The population mean striation spacing at this crack length 

(black horizontal line, Fig 2(b)-(c)) was found to be 1.26 ± 

0.37 µm/striation. Further analysis of the individual results 

showed that the majority (70 %) of participants reported an 

average striation spacing slightly below the group average, with 

only three participants reporting an average striation spacing 

significantly larger than the population mean. Further 

inspection and correlation of average striation spacing with 

measurement location on the fracture surface highlighted that 

RRI participants primarily selected measurement locations 

from five distinct sites on the fracture surface. These sites have 

been labelled as Site A –E in Fig. 2(a) and the Site specific 

average striation spacing can be seen in Fig. 2(c).  

The measured striation spacing of Sites A, B, C and D fall 

close to the population mean striation spacing (black horizontal 

line), ranging from 0.91 ±0.11 µm/striation to 

1.36 ±0.06 µm/striation, while the Site E striation spacing was 

significantly larger (1.97 ±0.14 µm/striation) than the 

population mean. In addition to the striations of Site E having a 

larger spacing, this Site has a lower number of counted 

striations, with an average of only six counted, compared to the 

other regions which tend to have a minimum of 10. Four 

participants included counts from Site E in their analysis, three 

of whom (Participant A, D and F) have calculated an average 

striation spacing larger than the population mean.  

Only one participant, Participant I, who counted Site E 

reported a striation spacing smaller than the population mean. 

This is likely linked to the total number of striation patches that 

were counted by Participant I (six versus only three or four 

striation patches by Participants A, D and F). This highlights 

that counting a larger number of patches, helps to mitigate the 

effect of “outlier” striation regions that may distort the results at 

a given crack depth. Participants who did not perform any 

measurements on Site E focused on regions presenting a larger 

number of well-defined striations, typically at least 10 per 
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count, which shows why the majority of participants reported a 

similar average striation spacing. 

The RRI results for the C(T) specimen tested in a 

simulated PWR environment can be found in Fig. 3. The 

measurement locations used by each participant have been 

overlaid onto the original SEM micrograph and can be seen in 

Fig 3(a) and the average striation spacing, as calculated by each 

participant can be found in Fig 3(b). The population mean 

striation spacing for this crack depth (black horizontal line, 

Fig. 3(b)) was found to be 1.59 ±0.13 µm/striation. All results 

reported by participants are in good agreement with each other. 

However, when reviewing the images and sites that participants 

used in their analysis, there is limited diversity in patches/Sites 

counted.  

The main aim of using the selected PWR image was to see 

if the oxide crystallites, seen on the fracture surface, would 

cause any issues when counting striations. These results 

provide additional support for counting of striations on 

specimens tested in PWR. However, more work is needed on 

counting where oxide is present as this can cause more 

problems at shorter crack depths.  Moreover, these results are 

also very promising as they show the reproducibility of striation 

counting as an analysis tool after testing in a simulated PWR 

environment and the confidence we can have in such results, 

even before the application of a standardised procedure.  

 

 

 
  

 
FIGURE 2. OUTCOMES OF THE RRI FOR THE RT AIR TESTED ENDURANCE STAINLESS STEEL SPECIMEN. IN (A) THE 

PARTICIPANTS’ MEASUREMENT LOCATIONS HAVE BEEN MARKED ON THE SEM MICROGRAPH. LOCATIONS HAVE BEEN 

GROUPED INTO SITES A – E. MEASUREMENT LINES HAVE BEEN COLOUR-CODED ACCORDING TO PARTICIPANT. IN (B) THE 

AVERAGE STRIATION SPACING OF ALL MEASURED LOCATIONS AS CALCULATED BY PARTICIPANTS IS PRESENTED AND IN (C) 

THE AVERAGE STRIATION SPACING FOR EACH SITE IS PRESENTED. IN (B) AND (C) THE BLACK HORIZONTAL LINE IS THE 

AVERAGE STRIATION SPACING FOR ALL PARTICIPANT MEASUREMENTS.    

(b) 
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FIGURE 3. OUTCOMES OF THE RRI FOR THE STAINLESS 

STEEL C(T) SPECIMEN TESTED IN A SIMULATED PWR 

ENVIRONMENT. IN (A) THE PARTICIPANTS’ MEASUREMENT 

LOCATIONS HAVE BEEN MARKED ON THE SEM 

MICROGRAPH. MEASUREMENT LINES HAVE BEEN COLOUR-

CODED ACCORDING TO PARTICIPANT. IN (B) THE AVERAGE 

STRIATION SPACING OF ALL MEASURED LOCATIONS AS 

CALCULATED BY PARTICIPANTS IS PRESENTED. THE BLACK 

HORIZONTAL LINE IN (B) IS THE AVERAGE STRIATION 

SPACING FOR ALL PARTICIPANT MEASUREMENTS. 

 

2.3 Lessons Learned & Development of the INCEFA-
SCALE Procedure  

The RRI shed light on some important factors that may 

influence the evaluation of striations formed on stainless steel 

and lead the development of the INCEFA-SCALE Procedure, 

an abbreviated version of which can be found in Annex A. 

While the general procedure applied by each participant was 

similar, the selection of measurement locations and the total 

number of striation patches evaluated differed between 

participants and played an important role in the final results. As 

mentioned in Sec. 2.2, Site E presented much larger striations 

than the other identified Sites in the image. Counting fewer 

striation patches would give more weight to an outlier region, 

thus possibly distorting the average striation spacing calculated 

at a given crack depth. However, when more Sites are 

evaluated, the weight of an outlier region is minimised. In 

addition, it was found that recommending a minimum number 

of striations per line count can help to improve the outcomes.  

 

3. Application of the INCEFA-SCALE Procedure – 
Round Robin II  
Following on from the creation of a common procedure for 

striation counting; a second Round Robin (RRII) using the 

developed INCEFA-SCALE Procedure was performed. The 

goal of RRII was to assess the benefits of a standard procedure 

and any reduction of uncertainty in results in the case of a 

multi-laboratory characterisation programme.  

Similar to the RRI, SEM micrographs were obtained from 

a hollow austenitic stainless steel LCF endurance specimen 

tested in a simulated PWR primary water environment at 

εa = 0.8 %, strain rate of 0.002 %/s and a Temperature range of 

100-300 °C. The INCEFA-SCALE striation spacing evaluation 

procedure was followed by all participants.  
Three locations (representing a range of crack depths) were 

selected for RRII. These are shown in Fig. 4(a), Fig. 4(c) and 

Fig. 4(e) and will be referred to as Reference Site 2 

(a = 0.2 mm), Reference Site 4 (a = 0.4 mm) and Reference 

Site 7 (a = 1.0 mm), respectively. Participants were instructed 

to follow the striation spacing evaluation procedure. A results 

template was provided to provide homogenous reporting of all 

relevant data fields. All participants were asked to provide 

feedback and comments if they experienced any difficulties due 

to the presence of oxide/crystallites or if there were fewer than 

10 striations counted, as this may lead to additional 

uncertainties in subsequent analyses. This effectively allows the 

operator to critically review the quality of their results and, if 

appropriate, flag these results for subsequent analyses. 

 

4. Results – RRII  
The results from RRII can be found in Fig 4(b), Fig 4 (d) 

and Fig 4(e) for Reference Sites 2, 4 and 7 respectively. The 

average striation spacing as reported by each participant for 

each Reference Site is shown along with the population mean 

as a solid black line.  

The majority of the reported striation spacings for 

Reference Site 2 are in agreement with each other and the 

population mean (1.17 ±0.09 µm/striation) with these results 

showing a small standard deviation and low scatter. There is 

one clear outlier, which reported a below population mean 

striation spacing (1.07 ±0.07 µm/striation) for Reference Site 2.  

However, with increasing crack length (i.e. Reference 

Site 4 and Reference Site 7) the standard deviation of the 

measurements increase significantly. With the reported striation  
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FIGURE 4. SEM IMAGES AND RESULTS FROM THE RRII FOR (A-B) REFERENCE SITE 2, (C-D) REFERENCE SITE 4 AND (E-F) SITE 

7. IN (B), (D) AND (F) THE PARTICPANT’S REPORTED AVERAGE STRIATION SPACINGS AND THE POPULATION MEAN 

(HORIZONTAL BLACK LINE) ARE PRESENTED.  
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spacing of Reference Site 4 ranging from 2.04 ±0.81 –

 2.95 ±0.43 µm/striation and a population mean of 

2.59 ±0.59 µm/striation, and Reference Site 7 ranging from 

4.34 ±2.00 – 6.53 ±0.65 µm/striation and a population mean of 

5.70 ±1.52 µm/striation. It is interesting to note that again 

Participant E has reported significantly below population mean 

striation spacings for these Reference Sites as well.’ 

 
5. DISCUSSION  

To understand whether the striation counting procedure has 

reduced the scatter in the results of striation counting, we can 

compare the results gained from RRI and RRII. In this 

comparison, we can compare the results from the RT air 

micrograph in RRI and the three different sites in RRII. The 

results obtained from the RRI PWR micrograph are not 

considered in this comparison as (i) this micrograph was 

obtained from a C(T) specimen, not an endurance specimen, 

and (ii) there was a limited number of striation patches 

available for analysis. 

The results from RRII (Reference Site 2) presented in 

Fig. 4(b) show that the majority of the participants are in very 

good agreement with the population mean striation spacing. 

This reduction in the scatter between RRII (Fig. 4(b)) and RRI 

(Fig. 2(b)) has been quantified using a mean relative error 

(MRE) analysis. The MRE for the participants has been 

reduced from 0.12, for RRI/Fig. 2(b), to 0.04, for RRII/Fig. 

4(b). This shows that there is a 3x reduction in the average 

relative error. 

When considering Reference Site 4 (see Fig. 4(d)), most of 

the Participants results are in good agreement with the 

population mean striation spacing, however, one participant has 

reported below average values. In addition, this participant also 

has a significantly larger standard deviation in their results. 

This result shows that there is still some scatter in striation 

counting, even when following a procedure. Nonetheless, there 

is still a 1.5x reduction for RRII/Fig. 4(d) compared to RRI, 

where the MRE was 0.12 and for Fig 4(d) the MRE is 0.08.  

Concerning Reference Site 7 (see Fig. 4(f)), most of the 

results are in good agreement with the population mean, but 

one participant’s results fall well below this value with a 

significant standard deviation. Due to this deviation, the MRE  

for RRII/Fig. 4(d) is over three times greater than that of RRI; 

0.39 vs. 0.12, respectively.  

However, upon further investigation in the discrepancies in 

Reference Site 7 measurements, it was concluded that some of 

the features considered by this participant to be striations were 

not striations, but sub-structures formed within a striation, see 

Fig 5. These sub-structures are likely associated with ductile 

tearing due to higher ΔK experienced in this region due to the 

larger crack depth (a = 1.0 mm). Based upon this analysis, the 

measurements associated with these sub-structures were 

removed from this participant’s results. In addition, the results 

flagged by operators as being possibly sub-quality, due to for 

example difficulties associated with the presence of 

oxides/crystallites fewer were removed from the Reference 

Site 7 reports thus reducing the uncertainties in analysis. The 

revised analysis can be seen in Fig. 6. After this assessment, all 

Participants are in good agreement with each other and with the 

population mean. This is a significant improvement in both the 

quality and confidence of the results, and demonstrates the 

importance of introducing an “Operator Comments” field in 

reporting, which allows the operator to critically evaluate their 

own work and highlight any difficulties or uncertainties in their 

measurements. When comparing the MRE for the corrected 

Reference Site 7 results (Fig. 6) to the RRI, a greater than 3x 

reduction is achieved. 

 

 
FIGURE 5. HIGHER MAGNIFICATION SEM IMAGE OF 

STRIATIONS IN REFERENCE SITE 7. WITHIN THESE 

STRIATIONS, NANOMETRIC SUB-STRUCTURES CAN BE 

OBSERVED (INDICATED BY RED ARROWS). 

 

 

 
FIGURE 6. AVERAGE STRIATION SPACING AS REPORTED 

BY EACH PARTICIPANT, AFTER REMOVAL OF 

OUTLIER/LOW-QUALITY MEASUREMENTS, AND 

POPULATION MEAN FOR REFERENCE SITE 7. 
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In addition to the results presented within this paper, it is 

also important to discuss the additional information that 

striation counting can offer from a test that has already been 

carried out. Some of the primary uses of striation information in 

failure analysis are as follows: 

 

1. Estimation of instantaneous local crack propagation 

rate (where the striation spacing is taken to be equal to 

the amount of crack advance in a cycle) 

2. Estimation of applied loading (if a good materials law 

is available that can be used to infer applied ∆K) 

3. Estimation of number of loading cycles that caused 

failure (where the total number of cycles are counted) 

and reconstruction of the crack position history 

4. Shape and appearance can provide indications of 

dominant propagation modes and crack history 

 

Even though striation counting can be used to gather this 

additional information there are still some criticisms and issues 

that surround this technique. We attempt to address some of 

these issues below. 

A critical pre-requisite for making use of striation data is 

that there is a direct one-to-one correlation between the number 

of striations and the number of applied loading cycles.  This 

correlation may not exist for some materials, environments, and 

loading conditions (it is generally understood that this 

correlation can break down at both relatively slow and fast 

propagation rates).  Under loading conditions that are relevant 

to nuclear plant, striations have been found to be readily 

observable in austenitic stainless steels in both air and water 

environments. Previous studies have shown that in PWR water, 

observed striation spacings throughout both the mechanically 

short and long crack growth stages are directly representative of 

the actual rates of crack propagation during an EAF test [7, 8, 

9, 10, 11]. 

Another issue that arises when performing striation 

counting occurs when we look at macroscopic crack growth 

rates, which are effectively an average of many different local 

crack increment events occurring across the full crack front. 

Striation spacings represent microstructural crack propagation 

where the local growth direction may not always be fully 

aligned with the macroscopic direction of growth. Differences 

in local orientation will lead to differences between 

macroscopic and microscopic crack growth rates, however in 

practice these are expected to be relatively small (for example 

an offset angle of 30° would change the resolved propagation 

rate by approximately 14%) compared to the overall scatter 

involved in striation counting as a process.  Within the 

INCEFA-SCALE procedure, striation measurements are made 

parallel to the local growth direction to simplify the overall 

process. The guidance also makes recommendations to avoid 

performing counts on regions that appear to be excessively 

steep compared to the surrounding fracture surface.   

Fracture surfaces can often display a number of repeating 

linear features that are not striations (e.g. slip markings). As 

shown in RRII, including these types of features in a measured 

data set can have an effect on the final estimated propagation 

rates. This risk can be mitigated through improved operator 

experience and requirements in the procedure to take readings 

from multiple locations in both a reference frame and on the 

target fracture surface. Post processing activities should include 

inspecting the data for clear outliers that can be investigated in 

more detail to identify potential issues.    

Within a standard fatigue endurance test it is possible for 

multiple cracks to develop and coalesce during cycling which 

can result in very complex fracture surfaces in some cases.  

This can lead to difficulties in identifying a suitable crack path 

along which to perform striation measurements. Experience in 

EAF testing suggests that for a majority of specimens, a clear 

dominant failure path can be identified.  For specimens where 

this is not the case, it is important for the examiner to clearly 

document the assumed crack path and provide clear disclaimers 

on the associated data.   

Striation spacings can display significantly more scatter 

than typical macroscopic crack growth measurement methods 

(e.g. direct current potential drop) due to the greater variation in 

microscopic growth rates.  A key source of potential error in 

data collection is a bias towards counting only the largest (i.e. 

most readily identifiable/visible) striations which can lead to 

over-estimates of growth rates, and under-estimates of the 

number of growth cycles.  The INCEFA-SCALE procedure 

aims to minimise this source of error by setting clear guidance 

on taking measurements from regularly spaced locations, and 

taking multiple readings from each individual location 

 

6. CONCLUSIONS & PERSPECTIVES  
By evaluating fatigue striations and their spacing, 

important information on fatigue behaviour and fatigue crack 

propagation, especially in a simulated PWR primary water 

environment, can be obtained. However, to the authors’ 

knowledge no standardised procedure or protocol exists for the 

evaluation of these features. This work towards the 

development of a procedure for the measurement and 

evaluation of striation spacing’s observed on LCF specimens 

has highlighted the benefits of a standardised procedure and 

provides guidelines for the identification and measurement of 

these features when performing a multi-laboratory 

characterisation campaign. 

The first RR performed in this work highlighted the 

similarities and general agreement of how striation spacing 

evaluation and measurements are performed in different 

organizations and by different operators. However, guidelines 

for evaluation and improving the repeatability can be identified, 

such as a minimum number of striations per count and the 

importance of measuring and averaging several locations at a 

given crack length. Using these lessons learned, a common 

procedure and set of guidelines was produced and applied in 

the RRI.  

By following this procedure and the guidelines, RRII 

showed a significant reduction in the MRE compared to RRI, in 

addition to reducing both operator and lab-to-lab scatter and 

improving the quality and confidence in these measurements.  
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Both RRs have been important in the development of a 

common procedure, with the findings of RRI being used to 

form a basis of this procedure. RRII will also serve in the 

further development and improvement of the procedure, as 

additional advice on the identification of striations and how to 

minimize mistaken identification of striations can be provided.  

This procedure will be applied and improved throughout 

the INCEFA-SCALE characterisation programme and in the 

long-term could be adapted for the evaluation of fatigue 

striations formed in different environments (e.g. HT air, 

vacuum, liquid metal, etc.), materials, specimen types (e.g. a 

thorough study of fatigue in C(T) specimens or more complex 

specimen designs) and loading regimes, including variable 

amplitude loading.  
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ANNEX A 
 

Striation Counting Protocol 
 
 

 
The procedure described below has been developed within the 

framework of the INCEFA-SCALE Programme for the 

evaluation of striation spacing’s on fatigue endurance 

specimens tested in a simulated PWR environment and RT or 

HT air. This procedure can be applied after the identification 

of a single main crack on the fracture surface. This procedure 

should be applied with caution to specimens with multiple 

crack pathways. The procedure described can be applied to 

both hollow and solid LCF specimens.  

For conciseness, this procedure is presented in an abbreviated 

form in this document with only the main points highlighted. 

Additional guidelines and detailed instructions have been 

omitted at this point in time. The procedure is undergoing 

continuous development within the INCEFA-SCALE 

Programme.  

 

NOMENCLATURE1 
FoV  Field of View  

 

STRIATION CAPTURING PROCEDURE 
The following describes the procedure for capturing the 

variation in striation spacing along the fracture surface: 

1. Orientate the specimen within the SEM so that crack 

path is aligned with the Y (vertical) axis of the 

microscope. 

2. Centre the Field of View (FoV) onto the initiation site 

and record the X and Y stage coordinates. This 

represents the initiation site co-ordinates from which 

all subsequent crack depths will be measured. 

3. Centre the FoV onto the final failure site and record 

the X and Y stage coordinates. This will provide the 

final crack depth when the test was stopped.   

4. Starting from the initiation site, select a suitably high 

magnification and move along the crack path in small 

increments until striations can be clearly observed. 

The precise magnification and movement step will be 

dependent on the loading conditions and may vary 

for different specimens. The operator should use their 

best judgement and draw on previous experience for 

selecting the magnifications and displacements. 

5. Identify a FoV and magnification where 

approximately five (5) striation patches can be 

observed. The aim is to obtain an average of several 

striation patches for a given crack depth to minimise 

bias.  

6. Iterate through the following steps until no less than 

ten (10), but ideally more, sites across the crack path 

have been captured.  

                                                           
1 Not previously defined in the main article. 

a. Record X and Y stage coordinates at centre 

of FoV.   

b. Capture image(s) according to principles 

described in Section 4. 

c. Advance FoV by at least a distance that 

prevents overlapping of adjacent FoV’s. 

7. For most FoVs it is expected that a single image will 

be suitable for performing the striation counting.  

However, at smaller crack depths it may be difficult 

to accurately resolve striations in the reference image 

due to obfuscation by the oxide and smaller spacings. 

In these cases, additional higher magnification 

images of individual striation patches can be taken 

but the calculated depth from the original FoV should 

be assumed for each image.  

 

STRIATION COUNTING  
The following describes how striations should be counted 

from the images captured on the SEM. It is recommended 

that some sort of image processing software be used to 

perform this analysis. 

1. Measure the scale by setting the number of 

pixels per micron, this can be done by measuring 

the scale bar. 

2. Identify a clearly defined patch of striations 

3. A measurement line should be drawn 

perpendicular to the striations. This line should 

aim to cover at least a minimum of ten (10) 

striations. The line should start and end at the 

same feature, either in a trough or at a striation 

peak. An example of this is shown in Fig. 1 of 

the main publication. 

4. Where it is not possible to resolve ten (10) 

striations but striations are clearly visible, it is 

permissible to measure a smaller number but this 

should be documented in the results file. 

5. Label each line clearly on the image with a letter 

(e.g. “a”, “b”, etc.). 

6. A marked up version of the image featuring these 

measurement lines should be recorded along 

with the raw image.   


