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SUMMARY 

The program consists of two major tasks; determination of the irradiation assisted stress corrosion cracking 

(IASCC) susceptibility of highly irradiated 304 and cold-worked 316 stainless steel in PWR primary water 

environment. This was done using two principle test methods; the constant extension rate test (CERT) to 

determine the stress-strain behavior and the fracture behavior using tensile bars, and a four-point bend test 

to determine the stress to crack initiation and the microstructural features responsible for it. Cold-worked 

316 SS samples were irradiated to dpa levels of 46.9, 67.4 and 125.4 dpa, and solution annealed (SA) 304 

SS samples were irradiated to dpa levels of 5.4, 69, 95 and 125.4 dpa in the BOR-60 reactor at RIAR, 

Russia. To date, all conditions but the SA304 at 125.4 dpa have been tested in CERT experiments and the 

lowest two dpa samples of cold worked 316 SS have been tested in four-point bend mode. 

KEY FINDINGS  

• CERT studies using a single strain method on neutron irradiated 316 stainless steel showed no 

IASCC dependence on dose in the range of 46.9-125.4 dpa when measured by %IG on the fracture 

surface. 

• 304 stainless steel samples showed a continuous increase of IASCC susceptibility with dose from 

5.4 dpa to 125.4 dpa.  

• The mode of straining (interrupted vs. single strain or varying strain rate) had a significant influence 

on the resulting %IG of the fracture surface.  

• The effect of straining mode on %IG in 316 is understood by normalizing the %IG to the exposure 

time after yielding. The %IG exhibited an inverse relationship with the time after yielding 

irrespective of the strain mode and dose of the sample.  

• In four-point bend tests, cracks formed at stresses as low as 50% of the bulk yield stress in 316 

stainless steel in both 46.9 and 67.4 dpa samples.  

• Cracks always nucleated at the grain boundary where at least one adjacent grain exhibited heavy 

localized deformation (slip lines or twins), or at triple junction where the local stress was also large.  

• It was also found that as the stress increased, small cracks grow into large cracks by coalescence. 
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Irradiation Assisted Stress Corrosion Cracking of 
Highly Irradiated 300-Series Stainless Steels in PWR 

Primary Water Environment  

1. INTRODUCTION 

This program addresses the cause of IASCC in LWR core internals in PWR primary water chemistry, 

with the objective of providing a foundation for material performance predicting models and mitigation 

strategies by determining the key factors controlling the process. Irradiation assisted stress corrosion 

cracking (IASCC) continues to cause failures in key components of both PWRs and BWRs in the US and 

in international reactor fleets. Identified in the 1960s, IASCC is generic in that all water reactors have 

exhibited susceptibility over a wide range of alloys and components. The problem will gain increasing 

importance in the coming years due to two factors; 1) the need for life extension to 60 years and perhaps 

to 80 years for the existing reactor fleet, and 2) the introduction of advanced reactors that will be 

subjected to the same types of environments.  

Between the years 2000 and 2010, tensile and compact tension specimens as well as transmission 

electron microscope (TEM) discs of multiple alloys were irradiated in the BOR-60 fast reactor in RIAR, 

Russia as part of the framework of BORIS (BOR-60 Internal Study) irradiation experiments [1, 2]. 

Typical dose range was 5–20 dpa, but several capsules reached or exceeded 100 dpa. Irradiated specimens 

were involved in multiple programs including the Cooperative IASCC Research program [2]. Under 

certain circumstances, irradiated materials and untested specimens were made available to research teams 

working in the radiation materials field. Types 308, 304, and 316 stainless steel specimens with various 

dpa levels were among the samples irradiated in BOR-60. 

During FY2016–2017, a collaborative effort was launched to transport several high- and very-high-

dose specimens (up to 125 dpa) from Dimitrovgrad, Russia, to Halden, Norway, and after that to Oak 

Ridge National Laboratory (ORNL) in Oak Ridge, Tennessee. Much of the effort involved acquiring the 

proper license(s) and documenting that irradiated materials were appropriately prepared for shipment. The 

irradiated materials arrived in Halden, Norway, on August 23, 2016. After that, new activity calculations, 

inventory, additional packaging, documentation, and licensing efforts were pursued. The materials were 

shipped from the Halden reactor to ORNL in early 2018. 

In March 2018, 13 tensile specimens were delivered to the Irradiated Materials Examination and 

Testing (IMET) hot cell facility at ORNL. The internal holder with specimens was extracted and 

examined, revealing no transportation-related issues. Finally, specimens were unloaded and underwent 

individual examination and inventory and were made available to this project. 

The focus of this program is on the determination of IASCC susceptibility of highly irradiated 300-

series alloys in simulated PWR primary water with various damage level, the minimum stress to cause 

crack initiation and the correlation to microstructure features, and identification of potential mitigation 

strategies. Of special interest is the dose dependence of crack initiation to very high dpa, the nature of the 

initiation site, and the role of localized deformation in crack initiation of highly irradiated stainless steel. 

The outcome of this program will provide a firmer understanding of parameters and microstructures 

governing IASCC and key elements that need to be included in a predictive model of the initiation of 

IASCC cracks that can be used to develop mitigation techniques.  

The IASCC susceptibility of highly neutron irradiated stainless steel with dose up to 125 dpa in PWR 

environment is still unknown. To evaluate the IASCC susceptibility of these materials, constant extension 

rate tensile test technique was used to reveal the change of fracture behavior and mechanical property 

with dpa. The role of stress and microstructural features on the crack initiation in austenitic stainless 

steels in PWR environment under the presence of radiation is also not properly understood. To address 



 

 2 

this issue, the four-point bend test was used to identify the critical stress to induce crack imitation and the 

microstructure features that correlate with crack initiation. 

2. EXPERIMENT 

2.1 Materials and Specimens 

2.1.1 300-series Stainless Steels 

The chemical compositions of the alloys in this program (in wt.%) are shown in Table 1. The 

irradiations were performed at a temperature of 320°C with a neutron flux of ~1.8x1015 n/cm2s (E>0.1 

MeV), which corresponds to a damage rate of 9.4x10-7 dpa/s using the NRT model [1]. 

Table 1. Chemical compositions (wt.%) of the 300-series stainless steels.  

 

2.1.2 Sample Inventory 

Specimen designations along with the dpa are shown in Table 2. In the table, the suffix E stands for 

cold-worked material, and the suffix H represents the traditional solution annealed condition. The 

specimens were in the dog bone type tensile bar specimen geometry shown in Figure 1. Each sample has 

a cylindrical gage section with a 2 mm diameter and 12 mm gage length. All the specimens were shoulder 

loaded during the constant extension rate tensile (CERT) experiments so the pin hole of 3.1 mm diameter 

was inconsequential to the testing of the specimen. Shoulder loading was done to avoid premature IASCC 

crack initiation in the vicinity of the pin holes. Subsequent to the irradiations, the tensile bars were 

shipped to the Low Activity Materials Development and Analysis (LAMDA) Laboratory at ORNL where 

the subsequent specimen preparation was performed. 

 

Figure 1. Tensile bar sample geometry and dimensions. 

 

Alloy Origin C S P Si Mn  Ni  Cr  Mo Cu Co 
Nb-

Ta 

B 

(ppm) 

O 

(ppm) 

N 

(ppm) 

308-1 

SA 

Framatome 

(weld) 
0.006 0.012 0.018 0.38 1.84 9.65 20.3 0.16  - 0.05  - -   - 479 

316-1 

E 
EDF 0.054 0.022 0.027 0.68 1.12 10.6 16.6 2.25 0.24 0.12 0.01 5 41 230 

304-1 

H 

Creusot-

Loire (heat) 
0.022 0.0007 0.032 0.38 1.79 9.88 18.61  - 0.25 0.064 -  9  - 610 
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Table 2. High dose tensile specimens used for IASCC test. 

Irradiation 

program 

Stage Sample 

designation 

Alloy/heat Nature of the 

sample 

Dose (dpa) 

Boris 4 4 B98 316-1 E Tensile 42 

Boris 5 5 B101 316-1 E Tensile 46.9 

Boris 5 5 B102 316-1 E Tensile 46.9 

Boris 5 5 B103 316-1 E Tensile 46.9 

Boris 5 4 B89 316-1 E Tensile 67.4 

Boris 5 4 B95 316-1 E Tensile 67.4 

Boris 5 1 B35 316-1 E Tensile 125.4 

Boris 6R 1-3 6 A84 304-1 H Tensile 5.4 

Boris 5 3 A98 304-1 H Tensile 69 

Boris 6R 2-1 3 A96 304-1 H Tensile 95 

Boris 6R 2-1 1 A32 304-1 H Tensile 125.4 

  Boris 2  2 SA5 308 Tensile 19.7 

  Boris 2 2 SA6 308 Tensile 19.7 

 

2.1.3 Post-irradiation sample preparation at Oak Ridge National Laboratory 
(ORNL) 

After the unpackaging and examination of the specimens in ORNL’s IMET hot cell, the specimens 

were transferred to LAMDA for the post-irradiation sample preparation. The heads of the tensile bar were 

removed with a low-speed diamond saw, as shown in Figure 2. Two heads of a tensile bar were cut off at 

the center of the pin hole to reduce the activity of the sample and prepare some sub-size specimens for 

four-point bend tests, small scale tensile tests and TEM examination.  

 

Figure 2. Low-speed diamond saw at LAMDA (a); Irradiated tensile bar prior (top) and after 

(bottom) cutting (b). 
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Two pieces of material sliced from the tensile bar heads using Electron Discharge Machining (EDM), 

as shown in Figure 3, were used to prepare 4-point bend samples. The sampling method is different from 

the previous method mentioned in reference [3] due to the deep locating hole on end of each of the heads 

(Figure 3). To produce sufficient samples, rectangular 4-pt bend specimens were machined as shown by 

the red boxes (Figure 3) of dimensions of 5×3.5×0.8 mm. Samples were mechanically ground to a 

thickness of ~0.8 mm and electro-polished with A2 solution on one side to achieve a mirror finish for 

SCC testing. Final thickness variations were less than 10 μm. Parent tensile bar ID, bend sample ID, dose, 

and sample designation are presented in Table 3. 

 

Figure 3. Head of tensile bar in top and right view; 4-pt bend samples were machined in the red 

boxes. 

Table 3. High dose 4-pt bend specimens used for IASCC test. 

Alloy/heat Parent tensile 

sample ID 

4-pt bend sample 

ID 

Dose (dpa) Number 

316-1 E B98 B98-B1 42 1 

316-1 E B101 B101-B1 46.9 1 

316-1 E B89 B89-B1 67.4 1 

316-1 E B35 B35-B1 125.4 1 

304-1 H A84 A84-B-1, -2 5.4 2 

304-1 H A98 A98-B-1, -2 69 2 

304-1 H A96 A96-B-1, -2 95 2 

304-1 H A32 A32-B-1, -2 125.4 2 

308 SA5 SA5-B-1, -2 19.7 2 

 

2.2 Microstructure characterization with SEM 

A JEOL JSM-6480 scanning electron microscope (SEM) equipped with Energy Dispersive X-ray 

Detector (EDX)) located in the Irradiated Materials Testing Laboratory (IMTL) at the University of 

Michigan (UM) was employed to evaluate grain structure, cold-work effects and the presence of 

inclusions and their chemical composition, density and morphology. 
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2.3 Test Systems and Procedures 

2.3.1 Test Systems 

The CERT testing systems, IM1 and IM2 are located in IMTL at UM. Both systems have similar 

water loops for which a schematic diagram is shown in Figure 4. The water loops consist of two sub 

loops, loop 1 for conditioning the water at room temperature and low pressure, and loop 2 for simulating 

light water reactor environment at high temperature and high pressure. The environmental parameters 

such as conductivity and dissolved gas concentration are controlled in loop 1. The water is then 

pressurized and heated in loop 2, reaching the desired temperature and pressure in the autoclave and 

recirculated to the primary water column. The conductivity and dissolved oxygen (DO) are monitored at 

both inlet and outlet of loop 2. 

 

Figure 4. Schematic of the water loop used in the IM systems in the Irradiated Materials Testing 

Laboratory. 

The CERT experiments on tensile bars were performed using the IM1 autoclave system. The IM1 

loading system can strain up to four tensile bar samples simultaneously, with application of load is using 

a 50 kN servo motor. A linear variable differential transformer (LVDT) is mounted on the crosshead to 

measure displacement. Four pull rods, each containing a load cell, connect each sample to the crosshead. 

Each of the pull rods are sealed at the feed-through into the autoclave with a self-energizing graphite seal 

with an internal spring that expands under pressure. Each pull rod is connected to an Inconel 625 sample 

loading fixture. Electrical insulation is provided by zirconia washers located in the loading fixtures. After 

loading the specimens, the autoclave body is sealed to the autoclave head, thus preventing any leakage 

during the experiment. A Cu/Cu2O/ZrO2 high temperature internal reference electrode and Pt flag were 

used to monitor the corrosion potential in the autoclave. 

Four-point bending tests were performed using the IM2 autoclave system. The IM2 autoclave system 

has a similar setup to IM1 except that only one pull rod located right at the center of the autoclave head 

was used to meet the requirement of fine control of the deflection of the 4-pt bend specimen. However, 

the Cu/Cu2O/ZrO2 reference electrode could not be installed due to limited space in the autoclave head. 

The corrosion potential of the specimen detected in IM1 was stabilized at about -0.8VSHE as long as the 

overpressure in the water column remained unchanged. 
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Figure 5. Images of the IM autoclave test system and water loop. a) Control panel front, b) 

control panel back with plumbing and sensors, and c) load frame, motor and autoclave. 

2.3.2 Procedures for Conducting CERT Tests 

Tensile bar surface preparation 

After cutting the heads, each tensile sample was both mechanically and electrochemically polished in 

the LAMDA laboratory. Mechanical polishing was performed using a rotating tool with custom specimen 

holder and 1200 grit SiC sandpaper to remove sodium and surface contaminants left by the reactor 

coolant during irradiation. The rounded sides between the EDM flats were left in the as-machined 

condition prior to the electropolishing procedure. Each sample was then electropolished using the A2 

solution supplied by Struers™ (percentages by volume: 73% ethanol, 10% ethylene glycol monobutyl 

ether, 9% distilled water, and 8% perchloric acid), cooled to below 20°C in an ice-bath. A potential of 30 

V was applied for four 15s periods per sample to achieve a mirror finish. This procedure was expected to 

remove roughly 20 µm of material based on prior experiments. So, the diameter of the tensile bars is less 

than 2 mm. After electropolishing, each specimen was observed via an optical microscope to verify a 

good surface quality. 

CERT test procedure 

CERT tests were conducted in a simulated PWR environment as summarized in Table 4. 

Table 4. Environmental parameters for CERT tests. 

Parameter  PWR primary water 

Temperature (℃) 320 

Pressure (MPa) 13.7 (2000 psi) 

Inlet conductivity (μS/cm) 21.53 

H2
 
concentration (cc/kg) 35 

O2 concentration (ppb) <5 

Boron as H3BO3 (ppm) 1000 

lithium LiOH (ppm) 2 

pH at 25℃ 6.5 
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After sealing the autoclave, high purity argon was used to scavenge the air in the autoclave for the 

purpose of removing oxygen, followed by filling and pressurizing. An overpressure in the primary water 

column was set to 14.7 psi and the system was allowed to run for a few hours to make sure that there was 

no leak of the autoclaves. Heating bands, thermocouples and thermal insulation blankets were installed. 

The desired temperature was reached in about 5 hr and an additional period of 12 hr was required to allow 

the environment to stabilize before commencing straining. During the stabilization and straining periods, 

all environmental and stress-strain data were recorded every 30 s using the LabView data acquisition 

program. Recorded data includes inlet and outlet water pressure, inlet and outlet water conductivity, outlet 

dissolved oxygen, vessel internal and preheater temperature, LVDT displacement, and load cell readings 

etc. 

Each irradiated tensile bar sample was shoulder loaded and tested individually, as shown in Figure 6. 

Due to the crosshead arrangement (4 tensile rods), a non-irradiated Alloy 725 tensile bar specimen was 

used to occupy the diagonal loading location to provide load balance at the system crosshead. Alloy 725 

was heat treated to achieve a higher ultimate stress than the irradiated samples so that it will not fail 

during the test period. 

Prior to straining, a preload of 20 MPa was applied to each specimen. At the end of the 12-hour 

stabilization period, a strain rate of 3.2×10-7 s-1 was applied to all the tensile specimens except for B103 

which was strained with a slower strain rate (4.3×10-8 s-1). All the samples were pulled to fracture with a 

single straining step except samples B101 and B89, which were interrupted during straining in an effort to 

detect the critical stress at which cracking begins. The straining method and strain rate for each sample is 

summarized in Table 5.  

 

Figure 6. a) CERT test loading fixture schematic and b) loading fixture installed in the IM1 

autoclave system. 
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Table 5. Strain conditions for tensile bars 

Irradiation 

program 

Sample 

designation 

Alloy/heat Dose 

(dpa) 

Strain method Strain rate 

(s-1) 

Boris 5 B101 316-1 E 46.9 Interrupted 3.2 ×10-7 

Boris 5 B102 316-1 E 46.9 Single strain 3.2 ×10-7 

Boris 5 B103 316-1 E 46.9 Single strain 4.3 ×10-8 

Boris 5 B89 316-1 E 67.4 Interrupted 3.2 ×10-7 

Boris 5 B95 316-1 E 67.4 Single strain 3.2 ×10-7 

Boris 5 B35 316-1 E 125.4 Single strain 3.2 ×10-7 

Boris 6R 1-3 A84 304-1 H 5.4 Single strain 3.2 ×10-7 

Boris 5 A98 304-1 H 69 Single strain 3.2 ×10-7 

Boris 6R 2-1 A96 304-1 H 95 Single strain 3.2 ×10-7 

Boris 6R 2-1 A32 304-1 H 125.4 Single strain 3.2 ×10-7 

 

Crack Initiation Detection 

Increased localization of deformation has been closely correlated with increasing cracking 

susceptibility [4], however,  localized deformation has never been characterized in a neutron-irradiated 

material to high level (up to 125 dpa). Furthermore, more recent studies [5, 6], have indicated that 

dislocation channels that terminate at grain boundaries have a higher propensity of crack initiation. 

For this study, the straining experiments were completed in small increments, such that we could 

more precisely identify points of crack initiation and study the development of localized deformation. 

Following each stress/strain increment the specimen was removed from the autoclave and was examined 

using a JEOL JSM-6480 SEM. This examination was used to determine the plastic strain through the 

relative displacement of fiducial markings, as well as recording any sites of crack initiation and changes 

in the localized deformation. To examine the crack initiation sites both sides of the gauge section were 

imaged at a magnification of 500x, which covered half of the gauge surface area. This magnification 

allowed for a balance of both image quality and imaging time, while the large-scale imaging also allows 

for a spatial correlation of images following each additional strain increment.  

Higher magnification pictures were taken when the crack initiation was observed after each stress 

increment. The microstructure feature at the crack initiation sites, such as dislocation channels, inclusions 

and slip bands were characterized and their relationship with cracking was analyzed. The dislocation 

channels were classified in two types: continuous and discontinuous. A continuous channel-grain 

boundary site refers to a location where a dislocation channel intersects a grain boundary but is then able 

to transmit slip across said boundary. Contrarily, a discontinuous interaction site is one where the channel 

terminated at the grain boundary with no evidence of slip transfer across it. By analyzing the 

microstructure at the crack initiation sites, one can measure the relative propensity that a condition has for 

forming cracks, and how this affects the crack initiation.  
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Post-Failure Fractography 

Fractography was performed on each fractured tensile bar following the CERT test using a JEOL 

JSM-6480 SEM. Low magnification images of the gage surface were taken to identify the locations of IG 

fracture and secondary cracking, while the edges of the main IG crack and secondary cracks were imaged 

at higher magnification. 

The fracture surfaces of each specimen were also examined in detail to characterize the nature of 

failure by viewing the fracture surface perpendicular to the tensile axis. Regions of intergranular (IG), 

transgranular (TG), and ductile type failure were identified. Higher magnification imaging (>500x) was 

performed in regions of particular interest. Regions of IG and ductile fracture were characterized by area 

and expressed as an area-based percentage of the total fracture surface. Using the Image J™ program, 

regions containing each type of fracture were cut from the overall view of the fracture surface and their 

areas were determined using the particle analysis feature of the software. The area divided by the total 

fracture surface area yielded the percentage of fracture type. 

Reduction of area (RA) was calculated using the total area of the fracture surface viewed 

perpendicular to the tensile axis. The area of the fracture surface was determined using the Image J™ 

imaging software program particle analysis feature. The RA is determined by dividing the difference in 

area between the fractured surface (viewed parallel to the tensile direction) and the original cross-

sectional area by the original cross-sectional area. 

Data Analysis and Fractography 

Plots of stress versus strain were created using load and displacement data to compare mechanical 

properties such as the yield stress, max stress, uniform elongation, and total elongation. Before analysis, 

stress and strain data were adjusted to account for system pressure and pull rod compliance, respectively.  

A tare pressure was added to each load cell measurement, by calculating the load due to the autoclave 

pressure acting on the cross-sectional area of each 3/16” diameter pull rod. Tare pressure on the tensile 

bar samples is in the range of 85-90 MPa due to the difference in diameter.  

To adjust for system compliance, each raw stress-strain curve was plotted to determine the apparent 

modulus, generally ~10,000 MPa. LVDT displacement values were converted to strain by dividing the 

change in displacement by the original specimen gage section length (12 mm). The apparent modulus was 

determined by fitting a linear trend line to the linear elastic region of the curve. A good linear fit (i.e., R2 

value minimum of 0.999) was created by eliminating data points at low stress. The apparent modulus was 

then divided by the reported modulus for type 316 SS at 330 ºC, 174 GPa [7]. The resulting ratio was 

multiplied by the apparent strain up to the yield point to calculate the correct(ed) strain of the gage section 

for the elastic region of the curve. This method is consistent with the general definition of compliance: the 

change in length due to compliance is equal to the observed change in length less the force divided by the 

system stiffness, where stiffness is equal to either: force divided by the change in length, or system 

modulus multiplied by cross sectional area divided by original length [13]. Plastic strain data was 

calculated from the data recorded after yielding by subtracting the difference in strain between the 

original strain and the compliance corrected strain. No compliance correction was made during plastic 

elongation. 

After correcting for system pressure and compliance, several measures were determined from the 

stress-strain curve. Maximum stress was recorded at the point of yielding. The total plastic deformation 

was recorded as the strain at the point of yielding to the point of fracture. Time for the sample under stress 

and the time for the sample exposing to high temperature water after yielding but before fracture was also 

calculated. 
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2.3.3 Procedures for four-point Bend Test 

Preparation of four-point bend sample 

The large gauge section and the curved surface of the tensile bar make it difficult to evaluate the 

crack initiation behavior of the irradiated material. Therefore, a small four-point bend sample was used to 

study the crack initiation behavior. This method was developed by Stephenson as reported in reference [8] 

and the detailed description of this method can be found in reference [3]. The four-point bend sample has 

a constant strain area of 0.5 mm× 3.5 mm, which makes it possible to locate the crack initiation site in a 

reasonable time. The four-point bend test fixture used for the study was fabricated from Inconel 718 alloy 

in accordance with the schematic shown in Figure 7. Heat treatment of fixture parts, post-fabrication, 

created a hardened state to prevent deformation during bend testing. Four round posts called centering 

pins, elevated from the bottom support surface by 0.4 mm, surrounded the sample to prevent rotational 

misalignment. Set screws to the left and right of the sample centered the sample laterally and were 

retracted after pre-loading the sample to prevent constraint during bending. The loading fixture was 

electrically insulated with zirconia washers in the connection between the pull rod and the loading fixture.  

  

(a)                                                                         (b) 

Figure 7. Schematic of the four-point bend loading fixture. Left: front view including bend 

sample, right: cross sectional view excluding the bend sample, showing dimensions in mm. 

The samples used for bend tests were obtained from the heads of the neutron irradiated tensile bars. 

The position where the slices were made and the dimensions of four-point bend sample are shown in 

Figure 8. 1 mm thick slices were produced with EDM cutting and were mechanically polished on both 

sides to create a specimen with a thickness of about 800 m. A Buehler Mini-met 1000™ sample 

grinding and polishing tool performed sample thinning to a target thickness of 800 µm using 120, 180, 

and 340 grit SiC grinding paper on each side to achieve a uniform thickness (final thickness variations 

were less than 10 µm). One side of each sample was then polished with a nylon pad containing 3 µm 

polishing media in the Mini-met™ and subsequently electrochemically polished in a Struers LectroPol-

5™ system. One electrochemical polishing step was applied for 15 s at a potential of 30 V at 20 C in a 

commercially available Struers A2 solution (60% perchloric acid).  
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      (a)                                            (b) 

Figure 8. Schematic showing a) tensile bar head dimensions and location of the cut (the marked 

area), and b) bend test sample dimensions (unit:mm).  

Determination of system compliance  

For the high temperature tests, direct sample deflection measurements were not possible in high 

temperature environments due to limitations of the electronics in the device, therefore estimations of 

sample deflection were made by subtracting a load dependent compliance correction factor from the 

crosshead deflection measurement. This compliance correction factor was determined in 320C primary 

water by loading a ~10 mm thick ‘bend’ sample (hardened Inconel 718) with the same cross-sectional 

geometry as the actual bend test samples for multiple times, as shown in Figure 9. From prior experience, 

it was observed that the applied loads for neutron-irradiated materials were significantly lower than 220 

lbs. Therefore, the compliance measurements included the entire range of loads applicable to neutron 

irradiated materials. Subtraction of the compliance from the measured crosshead LVDT displacement 

gives an approximation to the actual deflection at the sample surface. Due to its large thickness, it was 

assumed that no sample deflection occurred during loading, and compliance correction curves were 

determined by fitting a cubic polynomial to the resulting load vs. crosshead displacement curves, as 

shown in Figure 10. Compliance correction curve determination was repeated twice for accuracy, and 

averaged to determine the following correction factors in 320C primary water: 

𝐶𝐹𝑃𝑊 = 2.03931 × 10−5𝑃3 − 0.01072 × 10−5𝑃2  +  3.39312𝑃 −  165.28                                     (1) 

where P is the applied load in N and CFPW is the correction factor in primary water environment in 

µm.  

 

Figure 9. Schematic illustration of the compliance measurement setup in IM2 system.  
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Figure 10. Compliance measurements for the four-point bend test in single specimen 

configuration in primary water. Many of the curves follow the same trend, however, there is some 

divergence at loads greater than 160 lbs.  

 
Interrupted CERT Test for four-point bend sample 

Four-point bend tests were carried out using the IM2 system in IMTL at UM. The details of the 

closed water loop and the autoclave environment have been described previously in this report for the 

CERT testing. Bend samples were loaded into the fixture with tweezers, centered by tightening the set 

screws on either side, and held in place by bringing the loading points into contact with the sample and 

lightly tightening the connection of the pull rod at the system crosshead. 

Tests were performed in the same environment as the CERT test for tensile bar. Sample bending was 

performed by moving the crosshead at a constant rate of 1.67 x 10-8 in/s, until achieving the desired 

amount of stress. The target stress in the constant strain region was achieved by applying a corresponding 

load based on the linear behavior of stress with load, as shown in Figure 11. Tare load on the bend sample 

was 55.4 lb (246.5 N) in primary water, therefore, this number was subtracted from the applied load. The 

crosshead movement rate created a sample strain rate of 4. 3 x10-8 s-1. The testing was performed in 

increments to create crack initiation sites and limit the amount of crack propagation in the material. 

Increments are reported in this report as the fraction of yield stress. Samples’ surfaces were imaged 

between increments using scanning electron microscopy.  
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Figure 11. The linear relationship of four-point bend yield load with tensile yield load. 

Crack Initiation Detection  

Similar to the interrupted tensile test, the bending experiments were conducted in small increments 

such that we could more precisely identify points of crack initiation and study the microstructure 

responsible for crack initiation. After each stress increment the specimen was removed from the autoclave 

and was examined using a JEOL JSM-6480 SEM. The constant strain region and two long edges were 

imaged under 500X magnification for the purpose of recording any sites of crack initiation as well as 

changes in the localized deformation and identifying whether plastic deflection occurred after test, 

respectively. This examination was used to determine the plastic strain through the relative displacement 

of fiducial markings, as well as recording any sites of crack initiation and changes in the localized 

deformation. 

The localized deformation characterization includes pre-existing slip bands in cold worked 316 SS, 

and dislocation channels in 304 SS. The characterization focused on the changes in both the total 

dislocation channel density and the density of channel-grain boundary interaction sites, which were 

characterized as either continuous or discontinuous, with increasing stress. A continuous channel-grain 

boundary site refers to a location where a dislocation channel intersects a grain boundary but is then able 

to transmit slip across the boundary.  Contrarily, a discontinuous interaction site is one where the 

channels at the grain boundary with no evidence of slip transfer in the adjacent grain. By comparing the 

densities of both continuous and discontinuous interaction sites, the relative propensity for forming 

continuous channels, and how this affects the crack initiation.  

Data Analysis 

In theory, there will be no plastic deformation in the constant strain region during elastic straining. 

However, slippage of the sample on the stage during straining, imperfect setting of the sample on the stage, 

or un-uniform thickness of the sample might result in plastic deformation even though the applied load was 

much smaller than the yield load. To confirm that no plastic strain occurred during the bending test in the 
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elastic stain region, the deflection of the sample was measured multiple times in the constant strain 

region after each stress increment. The amount of deflection was measured ex situ by comparing 
the change in deflection for each of the leading edges through compiled SEM images as seen in Figure 12. 

If the measured deflection of leading edges is less than 2 μm or within the error bar it means that the sample 

was not plastically deformed. 

Plots of load versus deflection were created using load and displacement data. A tare load of 55.4lb 

was added to each load cell measurement, by calculating the load due to the autoclave pressure acting on 

the cross-sectional area of each 3/16” diameter pull rod.  

 

Figure 12. Compiled images of the entire Edge 1 for non-irradiated 304 in air 1: a) edge pre-

straining, b) edge post-straining. A clear amount of plastic deformation occurred in the center of 

the specimen during the plastic straining increment. The plastic deflection is measured as the 

change in central 500 µm between the pre- and post-strain images. 

3. RESULTS 

This section presents a summary of the preliminary microstructural analysis with SEM and EDX. The 

microstructural analysis includes documentation of slip lines and inclusions in cold worked 316 and 

ferrite phase in 304. Also reported here are results on CERT tests, 4-point bend tests, and associated 

fractography. 

3.1 Microstructure 

3.1.1 Procedures for Conducting CERT Tests 

The grain size of 316 SS measured according to ASTM E112-13 was 46.7 μm. The electrochemically 

polished surface was examined under SEM and the typical morphology is shown in Figure 13. Many 

inclusions in oval and bamboo shape appeared in the alloy. Most of the inclusions appear in voids on the 

polished surface. EDX analysis of the particles shows that the particles are most likely oxides of Al, Ca, 

Ti (Figure 14). The inclusions are potential crack initiation sites as reported in reference [8] in which 

cracks initiated at the MnS inclusions in normal water chemistry. 

 

  

Figure 13.The appearance of inclusion in SE (left) and BSE (right) SEM modes. 
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Figure 14. SEM and corresponding EDX spectra for inclusion in 316. 

The 316 samples were suspected to be cold worked prior to irradiation, but no archival documentation 

exists describing the condition of these samples. A 48-hour exposure test was conducted in the 

environment used for the CERT tests to reveal the deformation microstructure. Figure 15 shows the 

microstructure prior to and after exposure. No slip lines could be observed under BSE in the SEM. 

However, many slip lines were observed in SE mode indicating that the material was plastically deformed 

before irradiation. The assumed rolling direction, deduced from the shape of inclusions and grains, is 

parallel to the loading direction; however, Electron Back-Scattered Diffraction (EBSD) analysis is needed 

to evaluate the actual texture in the archive and irradiated samples and to define the coordinate system. In 

many grains, the observed slip lines have some width that are most likely strain-induced twins (Figure 

15), however, TEM analysis is needed to confirm the microstructure. 

 

 

Figure 15. SE images for 316 before and after exposure in primary water. 

Loading direction 
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3.1.2 Microstructure of 304 SS 

The electrochemically polished surface of 304 SS was exanimated under SEM and the typical 

morphology is shown in Figure 16. The surface is smooth with no sign of surface damage or slip lines, 

indicating that the surface quality is high and the material was not plastically deformed. Many elongated 

bamboo-like grain colonies as well as isolated small grains are observed in the SE and BSE images 

(Figure 16), which are potentially retained ferrite. The content (wt.%) of Fe, Cr, and Ni in austenite grains 

and potential ferrite grains was analyzed by doing EDX point analysis (Figure 17). Ten austenite grains 

and ten potential ferrite grains were analyzed and the average values of Fe, Cr, and Ni are given in Table 

6. The potential ferrite grains have a higher average Cr content and a lower Ni content than the austenite 

grains suggesting that the isolated grains are indeed ferrite [9]. 

  

(a)                                                                         (b) 

Figure 16. SE (left) and BSE (right) image of 304 after electrochemical polishing. 

 

Figure 17. SE image of 304 SS showing the EDX point analysis position. 

Table 6. Average Fe, Cr, Ni content (wt.%) in austenite grain and ferrite phases. 

Grain Fe Cr Ni 

Austenite 66.45 18.12 9.0 

Ferrite 66.63 24.15 4.9 
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3.2 CERT Test Results of 316 SS 

This section presents a description of the CERT test results obtained from a total of six irradiated 316 
tensile bars.  

3.2.1 Crack initiation in Interrupted CERT tests 

Incremental straining experiments were conducted on tensile bars B101 (46.9 dpa) and B89 (67.4 

dpa). Prior to beginning the experiments, it was necessary to first predict the yield stress of the irradiated 

material. The yield stresses of cold worked 316 and solution annealed 304 in the irradiated state were 

estimated to be 1000 MPa and 800 MPa, respectively [7]. Based on these predictions straining was 

conducted at a rate of 3.2 ×10-7 s-1 and the test was interrupted at 0.4YS, 0.6YS, 0.8YS, 1.0YS and 0.5% 

plastic strain, or until clear crack initiation was observed. Finally, the tensile specimen was strained to 

failure to examine the final fracture surface. 

Stress-strain curves for each of the specimens tested in the simulated PWR primary water are shown 

in Figure 18. Due to system compliance, a value of 174 GPa was used for Young’s modulus to correct the 

strain-stress curve in the elastic region according to reference [10]. However, no compliance correction 

was made in the plastic region. The values in Figure 18 are the maximum stresses reached for each 

increment. Both tensile specimens have a similar yield strength of 970 MPa indicating that the stresses 

used for experiment were well controlled. For specimen B101, yield was not yet reached at 1.0YS where 

yield was taken to be 970 MPa, while for specimen B89, a small amount of plastic strain occurred when 

straining to 1.0YS. After the test interruption, both of the specimens fractured before reaching the point 

where the previous increment stopped, which is likely due to cracks formed in the prior stress increment. 

Unlike irradiated solution-annealed austenitic stainless steel, none of the cold worked 316 SS specimens 

exhibited a rapid drop of stress after yielding. This is likely due to the high density of slip bands or twins 

acting as barriers for the movement of dislocation channels.  

 
 

Figure 18.  Stress-strain curves for (a) B101, (b) and B89 after applying corrections for tare stress 

and system compliance. 

Crack initiation was identified on both the B101 and B89 specimens in the strain increment that just 

exceeded the yield stress. As shown in Figure 19, small IG cracks perpendicular to the tensile axis 

appeared on the surface. The typical IG cracks in specimen B101 have an average length of 36 ± 0.23 μm 

(Table 7) with the maximum length being 257 μm. Typical IG cracks in specimen B89 have an average 

length of 49 ± 0.23 μm (Table 7) and a maximum length of 429 μm. Figure 20 displays the number 
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distribution of crack length showing that more than 90 percent of the cracks are below 150 μm in both 

specimens. The cracks in specimen B101 appear very tight, while the IG cracks in specimen B89 have an 

average width of ~7.0 μm, which makes the IG cracks in specimen B89 visible at relatively low 

magnification. The plastic deformation experienced by specimen B89 during the CERT test is likely 

responsible for this difference in crack morphology. The crack density and crack length/unit area were 

also reasonable considering the small plastic deformation in specimen B89. The intersections of cracks 

with inclusions was counted in an area of 1.42 mm2 where the crack number and crack density were also 

measured and calculated, Table 7. Considering the large number density of inclusions in this material, the 

small proportion (7.0-12%) of cracks intersecting inclusions, and the lack of inclusions on grain 

boundaries, it is unlikely that they have a major contribution to the initiation of IGSCC in these 

specimens. This is unlike the results in the reference [8] where most of the cracks initiated at the site of an 

MnS inclusion. 

 
 

Figure 19. Cracks initiate on surface of the specimen after straining to their yield points; (a) 

typical IG crack on the specimen of B101(46.9 dpa), (b) typical IG cracks on the specimen of 

B89 (67.4 dpa). 

 
 

Figure 20. Distribution of crack length in the specimen (a) B101(46.9 dpa), and (b) B89 (67.4 

dpa) after straining to their yield points. 
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Table 7. Statistics of cracks and inclusions for cracks initiating on the gage surface of alloy 316 

samples. 

Sample 

ID dpa 

Stress or 

strain at 

crack 

initiation 

Average 

crack 

length 

(μm) 

Crack density 

(#cracks/mm
2
) 

Crack 

length/unit 

area 

(μm/mm
2
) 

Inclusion 

density 

(#/mm
2
) 

No. 

Cracks/No. 

Crack-

inclusion 

intersection 

B101 46.9 
957 MPa 

(0.98YS) 
36.4±0.2 69.7±2.4 2619.9±91.6 158.6±5 98/7 

B89 67.4 0.3% 49.4±0.2 75.3±2.3 
3724.1±119.

8 
101.4±7 107/12 

Figure 21 shows an example of cracks that initiated at grain boundaries. No cracks were observed on 

the surface of specimen B89 after straining to 0.8YS, although several etched grain boundaries, dissolved 

inclusions, and slip lines that were visible prior to the CERT tests. However, cracks initiated at grain 

boundaries when strained to the yield point. As shown in Figure 21b, cracks initiated at grain boundaries 

that are indicated by yellow arrows in Figure 21a. While no dislocation channels were observed to 

intersect these grain boundaries at stresses of 0.8YS or 1.0YS, a number of dislocation channels formed at 

the tip of the cracks (Figure 21b) after straining the specimen to 1.0YS. A few of small IG cracks are 

clearly related to dislocation channels appearing in specimen B89 (Figure 21c).  

 

Figure 21. Crack initiation of B89 (67.4 dpa) at grain boundaries; (a) etched grain boundaries 

without any IG cracks, (b) crack initiated at grain boundaries that are indicated by arrows, (c) 

dislocation channels induced small IG cracks. 

3.2.2 Stress-strain Behavior in Single Strain Mode CERT Test 

Stress-strain curves for each of the samples tested in single strain mode are compiled in Figure 22. 

The elastic deformation portion of each curve was corrected to subtract system compliance by 
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normalizing to the expected Young’s modulus for an austenitic stainless steel. All of the samples 

exhibited strain softening, but no yield stress drop, as is typical for the irradiated condition of cold worked 

stainless steel. The samples B102, B95, and B35 that were tested with a single strain (3.2x10-7 s-1) 

displayed similar behavior showing very similar values of the maximum stress but different values of 

total elongation. No clear dose dependence of total elongation was observed.  

The interrupted tests are plotted in Figure 22 as well. The plastic strains of the samples experienced 

during the interrupted tests were added up to show a single stress-strain curve. These samples exhibited a 

smaller total elongation compared to those strained to fracture in single strain mode at the same strain 

rate. A smaller maximum stress for the samples strained in interrupted mode was also observed. Sample 

B103 strained at a rate of 4.3x10-8 s-1 displayed a much smaller total elongation than the sample with 

same dpa.  

 

Figure 22. Stress strain curves for 316 SS samples with different damage levels under various 

conditions: different stain methods and strain rates.   

Results of CERT tests on 316 SS samples are summarized in Table 8. The table is organized by 

maximum stress, total plastic stain and elongation. As no strain hardening was observed, the yield stress 

is equal to the maximum stress. No clear dependence of total elongation on dpa can be observed. It was 

seen that the strain conditions (strain rate and strain method) affects the total elongation and maximum 

stress. The samples strained in interrupted mode showed smaller total elongations and maximum stresses 

than the ones strained to fracture directly. Sample B103 tested at a lower strain rate of 4.3x10-8 s-1 

displayed the smallest total elongation among the 46.9 dpa samples. 
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Table 8. CERT test results on 316 SS under different straining conditions.  

ID dpa 
Testing 

Method 

Strain Rate  

(s-1) 

Max. Stress 

(MPa) 

Total Plastic 

Strain (%) 

Total 

Elongation (%) 

B101 46.9 Interrupted 3.2 ×10-7 980 1.05 1.5 

B102 46.9 Single strain 3.2 ×10-7 1030 1.56 2.08 

B103 46.9 Single strain 4.3 ×10-8 1011 0.14 0.7 

B89 67.4 Interrupted 3.2 ×10-7 952 0.2 0.7 

B95 67.4 Single strain 3.2 ×10-7 1017 2.4 2.96 

B35 125.4 Single strain 3.2 ×10-7 1024 2.1 2.68 

 

3.2.3 Fractography 

Following CERT testing, the fracture and gage surfaces were fully examined by SEM. Areas of IG, 

TG, and ductile cracking were quantified to determine %IG, %TG, and %ductile failure in the fracture 

surface. Examples of each type of fracture are presented in Figure 23. Reduction in area was also 

determined based on the full area of the fracture surface. For irradiated 316 SS samples, IG and ductile 

cracking are the dominant fracture modes with small amount TG (< 1%) cracking. Therefore, the TG 

cracking area was included in the ductile cracking area. The IG cracking regions in the fracture surface 

were outlined and colored, as shown in Figure 24. The fraction of IG was also calculated based on its area 

in the fracture surface using ImageJ© software. %IG was used as the best indicator of IASCC 

susceptibility and will be used to describe the relative differences in cracking susceptibility throughout the 

Discussion section. The fracture surface for each sample is shown in Figure 25.  

 

 

Figure 23. Example of three fracture modes in irradiated 316 SS specimen (46.9 dpa): a) 

intergranular, b) transgranular with small amount of IG cracking, c) ductile. 
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Figure 24. Example fracture surface of 316 SS tensile specimen (B101, 46.9 dpa): a) final failure 

fracture surface, b) outlined IG cracking.  

 

Figure 25. Comparison of the final fracture surfaces of 316 SS tensile specimens.  

(a) (b) 
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The results of fractography classification and reduction of area after CERT testing are summarized in 

Table 9. The %IG for different dpa samples varied between 13.71% and 37.18%. The 46.9 dpa samples 

show a very similar %IG although strain conditions were different. Sample B89 showed the largest %IG, 

however, samples B95 and B35 showed about half of the %IG of the 46.9 dpa samples. Reduction in area 

varied from less than 0.5% to 13.4%. In general, the sample with low %IG had a large area reduction 

except for the sample B103 (46.9 dpa), which showed a moderate %IG while having the smallest area 

reduction. 

Table 9. Changes in the relative areas of fracture mode for the neutron irradiated 316 SS samples. 

Sample 

ID 
dpa 

Testing 

Method 

Strain 

Rate  

(s-1) 

IG 

(%) 

TG 

(%) 

Ductile 

(%) 

Reduction 

in Area 

(%) 

Exposure 

time before 

yielding  

(h) 

Exposure 

time after 

yielding 

(h) 

B101 46.9 Interrupted 3.2 ×10-7 28.0 <1 72.0 1.6 159.3 14.2 

B102 46.9 Single strain 3.2 ×10-7 24.2 <1 75.8 3.8 81 13 

B103 46.9 Single strain 4.3 ×10-8 26.3 <1 73.7 <0.5% 477.5 10.5 

B89 67.4 Interrupted 3.2 ×10-7 37.2 <1 62.8 <0.5% 131.6 4.4 

B95 67.4 Single strain 3.2 ×10-7 14.2 <1 85.8 10.4 78.5 19.5 

B35 125.4 Single strain 3.2 ×10-7 13.8 <1 86.3 13.4 85.6 17.4 

 

Crack morphology on the gage surfaces of the neutron irradiated 316 SS samples was also examined. 

Very similar crack morphology was observed in all the 316 SS samples, Figure 26, consistent with the 

literature [11]. The reason for the high density of cracks in the PW strained samples is unknown. 

However, it is possible that initiation is sensitive to a combination of strain and strain rate. High strain 

potentially allows for further crack initiation, yet a slow strain rate must be maintained to allow sufficient 

time for corrosion processes to aid in crack formation. Once an IASCC crack initiates and grows, local 

stress increases due to the reduction in sample area. This area reduction and stress increase causes the 

local strain rate to increase, yielding insufficient time for corrosion processes to cause additional crack 

formation before failure. Due to the suppression of crack growth in the PWR primary water strained 

alloys, the process of area reduction is slow, thus suppressing the strain rate increase in the localized area 

and allowing sufficient time for corrosion processes to initiate additional cracks at less strained area. 
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Figure 26. Secondary cracking on the gage surface of the neutron irradiated 316 SS tensile bars 

tested in PWR primary water. 

3.3 CERT Test Results of 304 SS 

This section presents a summary of the CERT test results of 304 SS samples irradiated in BOR-60. 

CERT tests were conducted in 320°C PWR primary water, straining each sample to failure in a single 

step. The stress-strain curves are presented first with comments about the observed mechanical behavior. 

A summary of the mechanical properties is then presented followed by images of fracture surfaces after 

completion of the CERT tests.  

3.3.1 Stress-strain Curves 

Stress-strain curves for 304 SS are plotted in Figure 27. The elastic deformation portion of each curve 

has been corrected to subtract system compliance, using the technique described in section 2.3.2. 

All the irradiated 304 SS samples exhibited strain softening, therefore, the yield stress equaled the 

maximum stress. Also common to the solution annealed alloys was the observation of a sharp drop in 

stress upon yielding, likely caused by dislocation channeling [12]. When dislocation channeling starts to 

occur the local strain and strain rate in the channels greatly increases, rapidly removing barriers in the 

channels, thereby reducing the flow stress in the channels and allowing still more of the overall strain to 

be concentrated into the channels. Increasing irradiation dose caused an increase in YS for the 304 SS, 

indicating that the microstructure in 304 SS continues to change with dpa. The sample A84 (5.4 dpa) 

B101-46.9dpa B10-46.9dpa 

B89-67.4dpa B95-67.4dpa B35-125.4dpa 

B103-46.9dpa 
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shows the highest total elongation while the sample A96 (95 dpa) shows moderate total elongation. 

Several perturbations (bumps) in the stress-strain curve of sample A96 (95 dpa) occurred during the test. 

This behavior was observed in this sample only, which we believe were sticking and slipping of the pull 

rod during straining. We believe that the effect of these bumps on the stress-strain behavior and fracture 

behavior is inconsequential. 

 

Figure 27. Stress-strain curves of neutron irradiated 304 SS specimens tested in PWR primary 

water. 

Mechanical properties of neutron irradiated 304 SS determined from the CERT tests are summarized 

in Table 10. The table is organized by dose, showing the strain condition, samples and results from each 

including the maximum stress, total plastic stain and total elongation. The total plastic strain was 

calculated from the maximum stress to the fracture point. No dependence of total plastic strain on dpa was 

observed from table. The maximum stress increased from 794 MPa and saturated at ~830 MPa when the 

dpa was increased from 5.4 dpa to 125.4 dpa.   

Table 10. Behavior of 304 SS in CERT tests.  

Sample 

ID dpa Testing 

Method 
Strain Rate  

(s-1) 
Max. Stress 

(MPa) 
Total Plastic 

Strain (%) 
Total 

Elongation (%) 

A84 5.4 Single stain 3.2 ×10-7 794 3.8 4.2 

A98 69 Single stain 3.2 ×10-7 834 2.6 3.0 

A96 95 Single stain 3.2 ×10-7 832 2.9 3.4 

A32 125.4 Single strain 3.2 ×10-7 826 3.1 3.6 
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3.3.2 Fractography 

Following CERT testing, the fracture surface and gage surface were fully examined by SEM. Areas 

of IG, TG and ductile cracking were quantified to determine %IG, %TG, and %ductile failure. Both of IG 

and TG cracking regions in the fracture surface were outlined and filled with different colors, as shown in 

Figure 28. Reduction in area was also determined based on the full area of the fracture surface. Fracture 

surface for each sample is shown in Figure 29. Gage surfaces were fully investigated for the existence of 

secondary cracks from the fracture surface to a position where only small amount of cracks crack 

initiated.  

                       

Figure 28. Fracture surface of neutron irradiated 304 SS specimen (A98, 69 dpa) strained to 

failure with a single strain (a), the outlined IG and TG cracking regions in the fracture surface (b).  

 

Figure 29. Comparison of the final fracture surface of the 304 SS tensile specimens. 

(a) (b) 
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The results of fractography and reduction in area after CERT test are summarized in Table 11. In 

general, the %IG increased with dose up to 14%. %IG was accepted as the best indicator of IASCC 

susceptibility and will be used to describe the relative differences in cracking susceptibility throughout the 

discussion chapter. Typically, either measure of ductility (TE or %RA), followed the inverse trend of 

%IG. 

Table 11. Change in the relative areas of fracture mode for the irradiated 304 SS samples  

Sample 

ID 
dpa 

Testing 

Method 

Strain 

Rate (s-1) 

IG 

(%) 

TG 

(%) 

Ductile  

(%) 

Reduction 

in Area (%) 

A84 5.4 Single strain 3.2 ×10-7 3.6 35.3 61.2 32.0 

A98 69 Single strain 3.2 ×10-7 8.9 22.3 68.8 26.8 

A96 95 Single strain 3.2 ×10-7 11.4 15.3 73.3 22.5 

A32 125.4 Single strain 3.2 ×10-7 14.0 5.6 80.4 23.8 

Similar to the neutron irradiated 316 SS tensile bars the neutron irradiated 304 SS also shows a very 

high crack density on the gage surface (Figure 30), indicating that similar SCC crack initiation process 

occurred in alloys 316 and 304 in PWR primary water. 

    

Figure 30. Secondary cracking on the gage surface of the neutron irradiated 304 SS tensile bars 

tested in PWR primary water.  

3.4 Four-Point Bend Test Results 

This section presents the four-point bend test results from irradiated 316 SS samples tested by 

incremental loading. Load-sample deflection curves are provided first, followed by the examination of 

surface and long edges of the bend sample in constant strain region after each load increment. Cracks that 

initiated in the constant strain region were fully characterized and qualified. 

3.4.1 B101-B1 (316 SS, 46.9dpa) 

Bend sample B101-B1 was strained from the tare load (55 lb) to 0.4YS of the material. The crosshead 

immediately reversed its direction of travel and returned back to the set point when the desired load was 

achieved. Then the same process was repeated by straining the sample to 0.6YS and then to 0.8YS. Ex-

situ characterization in the SEM was conducted following each step. The load vs. sample deflection 

curves are shown in Figure 31. The post-test plastic deformation of the sample after each increment was 

measured using the technique described in section 2.3.3 and the results are summarized in Table 12. As 

expected, no plastic strain was observed at a stress of 0.4YS, however, a small amount of deformation in 

A84-5.4dpa A98-69dpa A96-95dpa A32-125.4dpa 

0.5mm 0.5 mm 0.5 mm 0.5 mm 
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edge 2 was measured. The average deflection of the sample is very close to the error bar, therefore, the 

deflection was considered as a measurement error. Surprisingly, 0.9% plastic deformation in the sample 

was identified when the stress was increased to 0.8YS of the material. The plastic deformation in the 

sample under 0.8YS was caused by the non-uniform thickness. More detailed experiment results of each 

increment and explanations will be presented in the following paragraphs with subtitle.  

 

Figure 31. Load vs deflection curves for the sample B101-B1 (46.9 dpa) in primary water, which 

was strained in three increments. 

 

Table 12. Deflection of the leading edges for sample B101-B1 (46.9 dpa) measured under 

different stress level 

Target 

stress  
Load 

(lb) 

Total plastic deflection of the sample after test 

(µm) 
Increment of 

sample 

deflection  

(µm) 

Actual 

stress 

or 

strain Edge 1 Edge 2 Average 

0YS 0 0 0 0 0 0YS 

0.4YS 78.86 -1.47±0.47 1.88±0.49 0.21±0.68 0.21±0.68 0.4YS 

0.6YS 118.42 -0.02±0.7 4.28±0.47 2.13±0.84 2.13±0.84 0.6YS 

0.8YS 158 5.00±0.6 19.74±1.01 12.37±1.16 12.16±1.34 0.9% 
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Sample B101-B1 was examined under SEM before the bend test. The length and width of the sample 

were calculated by counting the number of pixels in the image. The thickness of this sample was also 

measured in the same way at five locations (Figure 32) and is presented in Table 13. The sample was not 

a perfect rectangle and the thickness was also non-uniform. The non-rectangular shape did not affect the 

experimental result but the effect of non-uniform thickness on crack initiation behavior will affect the 

result.  

 

Figure 32. SE images for the sample B101-B1 (46.9 dpa) before test: (a) left view of the sample, 

(b) tensile surface of the smaple, (c) ) right view of the sample. 

Table 13. Thickness of the sample B101-B1(46.9 dpa) measured at five locations in each side (A 

and B)  

Sample ID dpa Edge Thickness (μm) Average 

B101-B1 46.9 
A 728.7 753.0 771.3 798.8 807.9 772.0 

B 725.6 750.0 768.3 768.3 765.2 755.5 

 

The load applied to the sample corresponding to 0.4YS was 78.86 lb. Figure 33 shows the overview 

of the post-test tensile surface of the sample and the morphology of the constant strain region at higher 

magnification. The inclusions were dissolved, however, no crack was observed in the constant strain 

region. 
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Figure 33. SE images for the tensile surface of the sample B101-B1 (46.9 dpa) after application of 

a load of 78.86 lb: (a) Overview of the tensile surface, (b) typical morphology of the constant 

strain region.  

As no crack initiated in the constant strain region the applied load was increased to 118.42 lb, 

producing a nominal stress of 0.6YS in the sample. After the test, the constant strain region was examined 

under SEM and hundreds of IG cracks were observed in only a portion of the constant strain region, as 

shown in Figure 34.  

  

Figure 34. SE images for the tensile surface of the sample B101-B1 (46.9 dpa) after straining to 

0.6YS: (a) All the cracks are located in the green area, (b) A typical IG crack in the constant 

strain region at a mgnification of 500x. 

The distribution of cracks across width (from thick side to thin side) was analyzed by taking images at 

a magnification of 1000x. The number of cracks was counted from top to bottom and plotted in Figure 35. 

Clearly, the distribution of cracks across the width was non-uniform with a peak number appearing at 0.5-

1.0 mm, while no crack was observed at the thin side. The total number and average length of the crack in 

the constant strain region, as well as crack density and crack length per unit are summarized in Table 14. 

The average crack length is 51 μm which is larger than the material’s grain size, indicating that most of 

the cracks experienced a period of growth after initiation. The largest crack was 400 μm in length. 

(a) (b) 

(a) (b) Thick side 
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Figure 35. Distribution of cracks in the constant strain region across width. The number of crack 

was counted from top (thick side) to bottom (thin side). 

 

Table 14. Average crack length and density in the sample B101-B1 after straining to 0.6YS of the 

material 

Sample 

ID 
dpa Stress  

Number of 

crack 

Average crack 

length (μm) 

Crack density 

(#cracks/mm2) 

Crack length/unit 

area (μm/mm2) 

B101-B1 46.9 0.6YS 193 51±1 110±2 5661±79 

 

As shown in Figure 34, all the cracks were located in the region close to the thick side, indicating that 

the non-uniform thickness accounted for this phenomenon. To study how the non-uniform thickness 

affected crack initiation in the constant strain region, the stress distribution in the tensile surface was 

recalculated with a finite element code (ANSYS 14.0) by assuming a smooth decrease of thickness from 

top to bottom. As anticipated, the stress in the tensile surface is also non-uniform, as shown in Figure 36b. 

The region close to the thick side had a high stress while the region close to the thin side had a low stress. 

The maximum stress in the constant strain region reached 0.84YS when 118.42 lb was applied to the 

sample. The crack in this region shows high density and large size, as shown in Figure 36c. The crack 

initiation stopped at 0.5-0.6 of the width (Figure 36d), corresponding to a stress level of 0.5YS of the 

material, which means that 0.5YS of the material is the minimum stress required to initiate crack in the 

46.9 dpa 316 SS sample. 
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Figure 36. The distribution of stress in tenslie surface of sample B101-B1 (46.9 dpa) under the 

normal stress of 0.6YS and the mophology of cracks in different regions. Large cracks fromed in 

the area with high stress and the crack initiation stopped at 0.5-0.6 of the width. 

To verify the above conclusion, the nominal stress of 0.8YS was applied to the sample. Because the 

stress at thin side of the sample reached 0.5YS, as shown in Figure 37. The stress required for crack 

initiation would be validated if cracks appeared at thin side of the sample. Figures 37 and 38 show the 

cracks at different regions. As expected, cracks formed at the thin side after experiment (Figure 38), 

indicating that the minimum stress required for crack initiation is 0.5YS. 

To reveal the evolution of cracks with stress, the cracks in the constant strain region are shown in 

Figure 39 as red lines. Cracks indicated by the black arrows in Figure 39 coalesced and grew into a large 

crack when the stress was increased to 0.8YS. However, the cracks indicated by blue arrows became 

wider but did not show any growth in length.  
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Figure 37. The distribution of stress in tenslie surface of sample B101-B1 (46.9 dpa) under the 

normal stress of 0.8YS and the mophology of cracks in different regions. Cracks formed at the 

high stress region became wider (c) and new cracks initiated at the position where the proior 

crack initiation stopped (d). 

 

  

Figure 38. Cracks formed at thin side of sample B101-B1 (46.9 dpa) after straining to 0.8YS. 

(a) (b) 

(b) 
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      3  

Figure 39. Cracks in the constant strain region at 0.6YS (a-b) and 0.8YS (c-d) of sample B101-B1 

(46.9 dpa). Some cracks coalceted and truned into a large crack while other cracks did not get the 

chance to grow. 

(a) (b) (c) (d) 
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3.4.2 B89-B1 (316 SS, 67.4dpa) 

Bend sample B89-B1 was strained from tare load point (55 lb) to 0.4YS. The crosshead immediately 

reversed its direction of travel and returned back to the set point when the target load was achieved. Then 

the similar process was repeated by straining the sample to 0.5YS and then to 0.6YS after ex-situ 

characterization under SEM for each step. The load vs. sample deflection curves are shown in Figure 40. 

The relationship between load and sample deflection below 80 lb is not real due to the variation of system 

compliance when the applied stress is less than ~20 lb. The post-test plastic deformation of the sample 

after each step was measured by using the technique described in section 2.3.3. The results are 

summarized in Table 15. No plastic deformation was identified at a stress level below 0.6YS of the 

material because the sample deflections after each increment are within the error bar.  

   

Figure 40. Load vs deflection curves for the sample B89-B1 (67.4 dpa) in primary water, which 

was strained in three increments. 

 

 

Table 15. Permanent deflection of the leading edges for sample B89-B1 at 67.4 dpa measured 

after experiment at different stress levels. 

Target 

stress  
Load 

(lb) 

Total plastic deflection of the sample after 

test (µm) 
Increment of 

sample 

deflection  (µm) 

Actual 

stress  
Edge 1 Edge 2 Average 

0YS 0 0 0 0 0 0YS 

0.4YS 78.86 -0.33±0.48 -0.28±0.26 -0.31±0.56 -0.31±0.56 0.4YS 

0.5YS 98.65 -0.74±0.53 -0.45±0.38 -0.60±0.65 -0.60±0.65 0.5YS 

0.6 YS 118.42 -0.19±0.42 -0.14±0.71 -0.16±0.82 -0.16±0.82 0.6YS 
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The sample B89-B1 (67.4 dpa) was examined under SEM before the bend test. The length and width 

of the sample was calculated by counting the number of pixel representing the length and width of the 

sample in the image. The thickness of this sample was also measured in the same way at five locations. 

The sample is not a perfect rectangle but unlike the sample B101-B1 (46.9 dpa) the thickness is uniform, 

as given in Table 16 and Figure 41.  

 

Figure 41. SE images for the sample B89-B1 (67.4 dpa) before test: (a) left view of the sample, 

(b) tensile surface of the smaple, (c) right view of the sample. 

 

 

 

Table 16. Thickness of the sample B89-B1(67.4 dpa) measured at five locations in each side (A 

and B). 

Sample ID dpa Edge Thickness (μm) Average 

B89-B1 67.4 
A 796 806 806 809 799 803 

B 796 803 803 799 793 799 

   

The load applied to the sample was 78.86 lb, which produced a stress level of 0.4YS in the constant 

strain region. Figure 42 shows the overview of the post-test tensile surface and morphology of the 

constant strain region at higher magnification. Same as the sample B101-B1 (46.9 dpa) no crack initiation 

was observed at this stress level. 
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Figure 42. SE images for the tensile surface of the sample B89-B1 (67.4 dpa) after expriment: (a) 

overview of the tensile surface, (b) typical morphology of the constant strain region. 

No cracks initiated at 0.4YS in the sample B89-B1. We had found that 0.5YS was the minimum stress 

required for crack initiation in the 46.9 dpa sample, so a load increment was applied to generate a stress of 

0.5YS. After test the constant strain region was examined under SEM and 19 IG cracks in the constant 

strain region were observed, as shown in Figure 43. The cracks were distributed uniformly in the constant 

strain region. All the cracks were shorter than 60 μm (Figure 44), which means the cracks experienced a 

limited amount of propagation. The intersection angle of crack trace with tensile direction was also 

calculated and the percent of crack number as a function of angle was also plotted in Figure 44. 

Approximately 85% of the cracks have an intersection angle larger than 60º, highlighting the importance 

of normal stress in crack initiation. 

 

Figure 43. SE images for the tensile surface of the sample B89-B1 (67.4 dpa) after straining to 

0.5YS: (a) 19 cracks initiated in the constant strain region, (b) a typical smal IG crack in the 

constant strain region. 

(a) (b) 
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Figure 44. Number of cracks as a function of crack length of sample B89-Bi (67.4 dpa) with a bin 

size of 5 μm (a) and percent of cracks as a function of the intersection angle (crack trace with 

tensile direction). 

To reveal the evolution of cracks with stress and compare the crack density among the different dpa 

samples, the stress was further increased to 0.6YS. Figure 45 shows the post-test tensile surface of the 

sample and a crack with length of 164 μm. Cracks in the constant strain region were distributed uniformly 

across the width (Figure 46), which was different from the 46.9 dpa sample. The number of cracks 

increased from 19 to 109 and the average crack length also increased from 29.4 mm to 37.64 mm, as 

shown in Table 17. 

 

Figure 45. SE images for the tensile surface of the sample B89-B1 (67.4 dpa)  after expriment: (a) 

Overview of the tensile surface, (b) a long IG crack in the constant strain region. 

(a) (b) 
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Figure 46. Distribution of cracks in the constant strain region across width. The number of crack 

was counted from top to bottom. 

 

 

 

Table 17. The number of cracks initiated at different microstructure features  

Sample 

ID 
dpa Stress 

Number 

of crack  

Average crack 

length (μm) 

Crack density 

(#cracks/mm2) 

Crack length/unit 

area (μm/mm2) 

B89-B1 67.4 0.5YS 19 29.4±0.46 10.8±1.2 302.6±29.4 

B89-B1 67.4 0.6YS 109 37.64±0.86 62.3±1.2 2344.46±49.4 

 

 

 



 

 40 

4. DISCUSSION 

To better understand the cracking behavior in irradiated austenitic stainless steels, the discussion 

section of this report is divided into following two sections: dependence of IASCC on dose, and factors 

affecting crack initiation. Both crack initiation and fracture are addressed. 

 

4.1 Dependence of IASCC on Dose 

4.1.1 316 SS 

Before discussing the dose dependence of the SCC behavior, the difference in straining methods must 

first be addressed. Samples B101 (46.7 dpa) and B89 (67.4 dpa) were strained in an interrupted manner 

(as shown in Figure 18) at a strain rate of 3.2 x 10-7 s-1. Samples B102 (46.7 dpa), B95 (67.4 dpa), and 

B35 (125.4 dpa) were pulled to failure in a single straining step at a strain rate of 3.2 x 10-7 s-1. Sample 

B103 (46.7 dpa) was pulled to failure in a single step but at a slower strain rate 4.3 x 10-8 s-1.  Therefore, it 

is possible to compare the different straining methods in terms of the resulting SCC behavior. The %IG 

and YS as a function of dose are given in Figure 47. In this figure, the data points from the 46.9 and 67.4 

dpa samples tested in an interrupted manner are highlighted with black circles, and the data from the 46.9 

and 67.4 dpa samples tested in single strain mode are highlighted with red circles. The %IG in single 

strained samples showed a decrease with dose that statured at 67.4 dpa. In interrupted tests, the %IG 

increased with dose.  

These seemingly, conflicting results can be understood better when the %IG is plotted against the 

amount of test time the sample experienced beyond the yield stress Figure 48 shows that the %IG is 

inversely related to the exposure time after yielding. The 46.9 dpa samples experienced about the same 

amount of time beyond yield, regardless of the straining mode, and had similar values of %IG.  However, 

the 67.4 dpa samples that had greatly different values of %IG also experienced greatly different exposure 

time before and after yielding. The interpretation of this result is that in the interrupted test, repeated 

application of stress below the yield point likely nucleated cracks that grew through the various test 

stages, such that once the yield stress was reached, the crack resulted in rupture very quickly. In the single 

strain test, cracks likely did not develop until the strain was beyond the yield point, thus delaying fracture 

of the sample. This is consistent with the extensive O-ring data that shows cracks to initiate well below 

the yield stress when loaded in constant load mode [13]. The interrupted test mimics the O-ring test in 

that considerably more time is spent in the elastic regime which is more similar to the O-ring test. 

The maximum stress in the tensile specimens was also affected by the straining method, as shown in 

Figure 47. The samples strained in an interrupted manner reached a smaller maximum stress than those 

strained in a single step, which can be attributed to the longer period spent at temperature for the 

interrupted case. In these samples, early crack initiation was likely the cause of the lower maximum 

stress. A similar result was also reported for neutron irradiated samples (4.4 - 47.5 dpa) in BWR normal 

water and PWR primary water [11], where samples tested in BWR environment showed a consistently 

smaller maximum stress than those tested in PWR environment due to the aggressiveness of BWR 

environment.  
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Figure 47. %IG and YS of 316 SS as a function of neutron dose measured in 320 ºC water.  

                      

Figure 48. %IG of 316 SS as a function of time after yielding in 320 ºC water.  

Figure 49 shows the yield strength and total elongation of neutron irradiated 316 SS as a function of 

neutron dose. The yield strength and total elongation data from our samples is superimposed on data from 

the literature [14]. The yield strength of our samples follows the MRP curve very well and appears to 

saturate at a little bit higher level ~1000 MPa for single step straining data. Similarly, the total elongation 

of our samples also follows the trend of total elongation change, however, all the data are below the MRP 

curve and have a very good consistency with the filled brown triangle dataset [15]. 
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Figure 49. Yield strength and total elongation as a function of neutron dose for cold-worked Type 

316 stainless steels at 288-380 ºC 

(a) 

(b) 
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4.1.2 304 SS 

Four tensile specimens with different doses (5.4, 69, 95, and 125.4 dpa) will be tested in this project 

using the single straining step CERT testing method at a strain rate of 3.2 x 10-7 s-1. The %IG and yield 

strength vs. dose are plotted in Figure 50. As shown in the figure %IG increased with dose while the yield 

strength of 304 SS shows a continual increase with dose up through 69 dpa and saturates at 830 MPa. 

Increase of yield strength in irradiated materials is a very common phenomenon as a consequence of 

irradiation hardening caused primarily by the production of defects such as dislocation loops and 

precipitates, and perhaps cavities at higher dpa [16-18]. Yield strength tends to correlate with IASCC [11, 

14, 19, 20], and recent post-irradiation annealing experiments also confirm the correlation [21, 22]. But 

the continual increase of %IG cannot be fully explained by the change of yield strength, which means 

there are other factors are contributing to the increase of IASCC susceptibility. 

 

 

Figure 50. %IG  and yield strength of 304 SS as a function of neutron dose and %IG plotted vs. 

yield strength as measured in 320 ºC primary water .  

Figure 51 shows the yield strength and total elongation of neutron irradiated 304 SS as a function of 

dpa. The yield strength and total elongation data from our samples were superimposed on data from the 

literature [14]. The yield strength of our samples shows a slight increase with dose, which is within the 

spread of the literature data, and actually, is in pretty good agreement with data on 304L irradiated in 

BOR-60 at 320°C, similar to the data denoted by red open circles [23]. The total elongation of our 

samples follows the trend well but falls below the MRP curve. In general, the mechanical properties of 

304 SS agree well with the literature data, indicating that similar microstructure evolution during 

irradiation and fracture occurred although the heat and irradiation program are different.   
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Figure 51. Yield strength and total elongation as a function of neutron dose for solution-annealed 

Type 304, 304L, 316L, and 347 stainless steels at 270-380 ºC  

4.1.3 Comparison of Alloys Irradiated in PWRs and Fast Reactors 

The IG fraction in 304 SS and 316 SS materials irradiated in PWRs and fast reactors (FR) at 

approximately the same temperature is compiled in Figure 52. All the data were obtained from the 

experiments conducted in a simulated PWR environment (temperature and hydrogen varies a little bit) at 

a comparable strain rate. 304 SS samples are in the solution annealed condition while 316 SS are in the 

cold-worked condition. As shown in Figure 52, IASCC susceptibility remarkably increases with dpa in 

(a) 

(b) 
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the PWR-irradiated materials. On the other hand, although FR-irradiated materials show susceptibility to 

IASCC, the degree of susceptibility is consistently lower compared to that of PWR-irradiated materials of 

same dpa as indicated by the trend lines in Figure 52. Thus, the different neutron spectra are likely 

responsible for the difference in IASCC susceptibility.  

The radiation environment and energy spectra strongly affect the production of transmutation gases in 

austenitic stainless steels, as reported by Foster et al [24]. In PWR irradiated materials, hydrogen and 

helium gas concentrations increase with increasing dpa as reported in [25, 26]. The He production rate in 

a FR is considerably less than in a thermal spectrum, and hydrogen production is negligible [26]. TEM 

observation have revealed that nano-cavities can form near the grain boundary in highly irradiated 

materials [26, 27] and the stress for grain boundary fracture is  lowered with the increasing He 

concentration [28]. Therefore, a possible explanation for the divergence in IASCC susceptibility of PWR- 

and FR-irradiated samples may be due to helium embrittlement. However, microstructure analysis is 

needed to verify this possible cause, and to date, that has not been established. 

 

Figure 52. Dose dependence of IASCC susceptibility of 304 and 316 stainless steel irradiated in 

PWR and FBR in simualted PWR environment [11, 26, 29-31]. 

 

4.2 Factors Affecting Crack Initiation 

The four-point bend sample test is being used to determine: 1) the stress at which cracks initiate, and 

2) the microstructure features that are responsible for the initiation. Multiple cracks appeared in the bend 

sample when the crack initiation was first observed in both B101-B1 and B89-B1, which is different from 

our  previous studies on neutron irradiated stainless steel in BWR normal water chemistry [8]. In BWR 

normal water chemistry, less than three cracks initiated in the constant strain region and one of them 

continued to grow into a large crack with stress. As multiple cracks initiated at the same time, the crack 

initiation sites were analyzed statistically to correlate the nature of crack initiation with specific 

microstructure. The observation of a significantly higher density of cracks in PWR primary water vs. 

BWR NWC is consistent with several prior studies [11, 32, 33]. 

While the majority of cracks in sample B101-B1 are longer than the grain size, twenty-six relatively 

short cracks were selected randomly and characterized in SEM. By virtue of their length, short cracks will 
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have initiated most recently, permitting the initiation sites to be determined within a reasonable degree. 

The crack initiation site was considered as the position where the crack has the largest opening. Careful 

examination of cracks indicated that the crack initiation sites have a commonality: crack initiation sites 

were always accompanied by either a triple junction, localized deformation or triple junction with 

localized deformation, as shown in Figure 53. The number of cracks accompanied by different features 

were quantified and summarized in Table 18. It can be seen that, in sample B101-B1, most of the cracks 

initiated at the position where triple junction and local deformation coexist. Considering the longer 

average crack length, it is very likely that cracks initiated at the localized deformation region and grew to 

the triple junction. The fact that most of the cracks in sample B89-B1 initiated at the position where 

localized deformation exists further supports this reasoning. It should also be noted that cracks do initiate 

at triple junction in the absence of localized deformation. 

     

Figure 53. BSE images showing cracks initiated at triple junction (a), localized deformation (b), 

and triple junction with localized deformation (c).  

Table 18. The number of cracks initiated at different microstructure features  

Sample 

ID 

Stress level  Triple 

junction 

Localized 

deformation 

Triple junction + 

Localized deformation 

B101-B1 0.6YS 4 2 20 

B89-B1 0.5YS 1 13 5 

 

Recent studies of the crack initiation in irradiated austenitic stainless steels have shown an increasing 

relevance of the role of localized deformation in the IASCC susceptibility and crack initiation [8, 34, 35]. 

These studies have shown that grain boundaries that are intersected by discontinuous channel have a 

higher incidence of crack initiation compared to boundaries that transmit strain between adjacent grains 

[36, 37], and that this enhanced cracking fraction is likely due to the high tensile stress at these 

intersections [37, 38]. This increase in stress has been linked to the pile-up of dislocations at the grain 

boundary after moving through the dislocation channel. The same is true for triple junctions, at which 

constraint by the adjacent grains results in a high local stress state. 

However, no dislocation channels were observed at crack initiation sites in either sample. The 

localized deformation shown in Figure 53 are preexisting slip lines or twins produced prior to experiment. 

Such behavior was also observed by Nishioka et al. [39] in 15% cold worked 316 SS irradiated in PWR. 

They did not see dislocation channels on the surface of the tensile bar at stress levels of 0.5-0.8YS 

whereas dislocation channels were detected in very limited regions at stress of ~1.0YS. Alternatively, 

while unlikely, it could be that the channels were indistinguishable from preexisting slip lines or 

twins. Nevertheless, the preexisting slip lines or twins could have a similar effect as dislocation channels, 

interacting with the applied stress and oxidized grain boundary and enhancing the crack initiation in 

neutron irradiated stainless steels. 

(a) (b) (c)

) 
Triple junction 

Localized deformation 
Triple junction 

Localized deformation 



 

 47 

The stress at crack initiation determined from four-point bend tests in PWR primary water was 

compared with the results from constant load experiments on neutron irradiated stainless steels in PWR 

environments. The constant load test database has been summarized by Fyfitch [13] and indicates that a 

stress threshold to initiate IASCC in a primary water test environment exists at ~40% of the yield strength 

in high dose materials, greater than approximately 20 dpa. Results of the four-point bend tests have been 

superimposed over this database and is shown again as Figure 54. Excellent agreement was observed 

between constant load and bend tests, indicating that the bend test is an excellent technique in 

determining the threshold stress for crack initiation considering the short experiment time and its 

advantage in studying the character of the crack initiation sites. This technique provides a path for the 

understanding of the IASCC mechanism in stainless steels in reactor core components. 

 

Figure 54. Stress required to initiate IASCC as a function of dose. Four point bend test data from 

the current study in 320C PWR primary water has been superimposed on the constant load 

database available from Fyfitch in primary water conditions [13]. 

 

5. CONCLUSION 

IASCC susceptibility of neutron irradiated 300-series stainless steels in PWR environment was 

studied by both CERT and four-point bend tests. CERT studies using a single strain method on neutron 

irradiated 316 stainless steel showed no IASCC dependence on dose in the range of 46.9-125.4 dpa when 

measured by %IG on the fracture surface, while 304 stainless steel showed a continuous increase of 

IASCC susceptibility with dose from 5.4 dpa to 125.4 dpa. The effect of strain mode on %IG in 316 is 

understood by normalizing the %IG to the exposure time after yielding. The %IG exhibited an inverse 

relationship with the time after yielding irrespective of the strain mode and dose of the sample.  

Four-point bend tests were conducted to correlate the crack initiation behavior with localized 

deformation. The advantage of these tests is that the growth of cracks was suppressed due to the 

increasingly compressive stress field normal to the surface. These tests were highly successful in 

identifying the threshold stress for crack initiation and linking it to the microstructure. Cracks formed at 

stresses as low as 50% of the bulk yield stress in 316 stainless steel in both 46.9 and 67.4 dpa samples. 

Cracks always nucleated at the grain boundary where at least one adjacent grain exhibited heavy localized 

deformation (slip lines or twins), or at triple junction where the local stress was also large. It was also 

found that as the stress increased, small cracks grow into large cracks by coalescence. 
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