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Abstract 
 

Solute additions of zirconium are believed to decrease RIS and dislocation density through point defect trapping and 
recombination, which in turn reduces grain boundary sensitization and IGSCC.  In this work, the effect of zirconium on the microstructure, 
microchemistry, hardening and IGSCC behavior of 316SS doped with zirconium to levels of 0.31 and 0.45 wt% was studied.  These alloys 
were then irradiated with 3.2 MeV protons to doses up to 7 dpa at a temperature of 400°C. Zr additions had relatively little effect on 
radiation hardening.  Dislocation densities were reduced and average sizes slightly increased for the +Zr alloys relative to the 316SS.  
Although a low amount of swelling was seen in 316SS at 3 dpa, no voids were observed in either of the +Zr alloys at 3 or 7 dpa.  The 
difference in RIS of Cr and Ni between 316SS and 316+LoZr at 3 dpa was negligible, though RIS for 316+HiZr was considerably less than 
316+LoZr at 7 dpa.  The link between the oversize solute addition of Zr and its effect on IASCC shows that although the percent strain to 
failure increased substantially for 316+LoZr compared to the 316SS, cracking behavior was substantially worse as the number of cracks 
and total crack length was increased by more than an order of magnitude.  
 

Introduction 
 
Austenitic stainless steels such as type 316 have been a primary 
structural component in light water reactors and continue to be a 
key component in generation II and III reactors.  Furthermore, 
they may play a crucial role in advanced reactor designs of the 
future, such as in Gen IV reactor concepts.  However, 
improvements need to be made in material performance in order 
to ensure longer component lifetimes at even higher reactor 
temperatures.  Austenitic steels experience radiation-induced 
segregation (RIS) at the grain boundaries (GB) which can be a 
leading cause in irradiation-assisted stress corrosion cracking 
(IASCC) [1-4].  Void swelling is another major concern, 
especially starting at irradiation temperatures above current light 
water reactor (LWR) temperatures and at higher doses.  Radiation 
hardening may also be a factor in the onset of IASCC [1].  
Substantial progress has been made toward understanding these 
phenomena and improving material properties to lessen the 
deleterious effects, but more work is needed in finding ways to 
reduce IASCC in austenitic steels. 

Electron irradiations performed by others [5-7] used 
oversize solutes in 316L to demonstrate a reduction in RIS, with 
the most improvement in RIS behavior seen by Hf and Zr.  
Kasahara et al. [8] varied the Zr concentration in 316L using 400 
keV He+ ions at 500°C and doses up to 3.4 dpa to show a gradual 
reduction in RIS with increasing concentration until RIS was 
eliminated by 0.41 wt% Zr.  Allen et al. [9], using proton 
irradiations, found no benefit of Zr on Cr depletion, but Ni 
enrichment was greatly reduced.  Additionally, dislocation loop 
densities were lowered while average sizes increased slightly, and 
void swelling decreased. 

The goal of compositional engineering through oversize 
solutes is to reduce or eliminate intergranular stress corrosion 
cracking (IGSCC).  Dropek et al. [10] demonstrated that the 
addition of 0.04 and 0.16 wt% Zr to 304L reduced the radiation 
hardening at 1 dpa under proton irradiation at 400°C.  The 
reduction in hardening is correlated to a substantial decrease in the 

%IG cracking at 288°C in water for both Zr alloys relative to the 
304L, with the higher Zr concentration showing less IG cracking.  
Fournier et al. [11] also performed constant elongation rate tensile 
(CERT) tests in boiling water reactor (BWR) normal water 
chemistry (NWC) at 288°C on proton-irradiated 316SS doped 
with Hf.  That alloy showed virtually no IG cracking and only 
transgranular (TG) cracking was observed.  Meanwhile, an alloy 
doped with Pt, which has a much smaller size factor, had 
considerable IG cracking, yet it was still less than the 316SS 
alloy. 

Because there is little data that links microchemistry, 
microstructure and IASCC together, the purpose of this study is to 
determine the influence of Zr on microstructure, microchemistry 
and stress corrosion cracking of 316SS in boiling water reactor 
normal water chemistry.  Zr was selected because it shows the 
greatest potential for delaying the deleterious effects of radiation 
and improved material performance.  Protons have previously 
been successfully demonstrated to emulate the effects of neutrons 
[12].  Using proton irradiations at doses where saturation is 
normally expected for such properties, this work will investigate 
RIS, dislocation loop structure, void swelling and radiation 
hardening in order to determine their effects on IASCC.  
 

Experimental Procedure 
 

Three 316-type stainless steel alloys were used in this 
study.  The alloys include two 316+Zr steels from MetalMen, Inc 
and a reference 316SS steel from General Electric Global 
Research Center.  The compositions of the alloys are provided in 
Table 1.  The compositions for the +Zr alloys were varied to 
provide a range of oversize solute concentrations in order to study 
the effect of concentration on radiation-induced material behavior.   

Two sample types were irradiated for this study, 
transmission electron microscope (TEM) bars and SCC bars.  
TEM bars had dimensions 2.0 mm width, 20 mm length and a 
thickness of 1.5 mm for the 316SS and 2.0 mm for 316+Zr.  SCC 



Table 1. Composition of proton-irradiated materials (wt%) 
Alloy Alloy ID Fe Cr Ni Mo C Mn Si P S Zr 

316L Ref. 316SS Bal. 16.12 12.80 <0.01 <0.01 1.11 0.01 0.01 <0.005 - 
316+0.19Zr 316+LoZr Bal. 14.40 13.55 0.18 0.05 1.3 0.38 0.38 <0.005 0.31 
316+0.28Zr 316+HiZr Bal. 13.91 13.48 0.17 0.05 1.18 0.4 0.4 <0.005 0.45 

 
Table 2. Processing conditions and grain size of alloys 

Alloy ID Cold Work Temperature Time Avg. Grain Size (µm) 
316SS 66% 850°C 2 hours 14.1 

316+LoZr 66% 1000°C 1 hour 12.8 
316+HiZr 66% 1000°C 1 hour 14.1 

bars had a gage section of 2.0 mm width, 21 mm length and again 
a thickness of 1.5 mm for 316SS and 2.0 mm for 316+Zr, with all 
samples having 3.2 mm threaded ends. All samples irradiated in 
this study were mechanically wet polished using SiC paper (grit 
320 – 4000), followed by a 30-second electropolish in a 10% 
perchloric acid and 90% methanol solution at –60°C and ~32 V.  
The purpose of the electropolish was to remove any remaining 
surface damage layer from mechanical wet polishing and to 
provide a smooth surface for both hardness testing and stress 
corrosion cracking experiments. 
 
Proton Irradiations 
 
Alloys listed in Table 2 were irradiated with protons in the 
Michigan Ion Beam Laboratory at the University of Michigan.  A 
special copper sample stage was mounted under high vacuum and 
irradiated using a General Ionex Tandetron accelerator with 
proton energies of 3.2 MeV.  Sample temperature was maintained 
at 400 ± 10°C using a liquid indium layer underneath the samples 
for heat transfer to dissipate heat from the proton beam and 
maintain a uniform temperature across the sample stage.  
Irradiations were performed to doses of 3, 7 and 10 dpa with a 
dose rate of approximately 1x10-5 dpa/s for displacement energy 
of 40 eV.  The result is a relatively uniform damage rate through 
the first 35 µm of the total proton penetration depth of ~ 40 µm.  
Additional details on the techniques of the proton irradiations can 
be found in Ref. 13.   
 
Hardening, Microstructure and Microchemistry Analysis 
 

MicroVickers hardness measurements were performed 
using a Buehler Omnimet MHT System with Micromet 2101 
indenter and 25 g load force to isolate the plastic zone of the 
indents to within the damage region of the proton irradiation. 
Each of the TEM bar samples was measured before and after 
irradiation in order to quantify the degree of radiation hardening.  
At least 25 indents were taken on each TEM bar sample before 
and after irradiation. 

TEM discs were cut from the TEM bars using a slurry 
drill cutter after back-thinning of the bars to remove most of the 
unirradiated material.  TEM discs were then back-thinned to less 
than 100 µm and electropolished until perforation using a solution 
of 10% perchloric acid and 90% methanol at –60°C with an 
applied current of 15 – 18 mA.   

Radiation-induced microstructure characterization was 
performed using a JEOL-2000FX FEGTEM at the Knolls Atomic 
Power Laboratory.  Dislocation microstructure was measured 
using bright field (BF) imaging.  For BF, a two-beam condition at 
g=[2 0 0] near the <1 1 0> zone axis shows all of the faulted 
dislocation loops (b=a0/3<1 1 1>) and 2/3 of perfect loops 

(b=a0/2<1 0 0>).  Four to five BF images were taken for each 
sample in relatively thin and flat regions and from these an 
average loop size and density could be measured.  Voids were 
imaged using Fresnel contrast taken at both under-focused and 
over-focused conditions.  Thickness measurements were made 
using electron energy-loss spectrometry (EELS).   

Microchemistry measurements were made using the 
same microscope in STEM mode using energy-dispersive X-ray 
analysis (EDS) using a probe size of 1.0 nm diameter (full-width, 
half-maximum) at 200 kV.  STEM/EDS measurements were 
performed after alignment of grain boundaries ‘edge-on’ to the 
incident electron probe in thin areas to minimize beam broadening 
of the profile.  Generally two or more grain boundaries for each 
alloy condition were measured, and multiple profiles were taken 
at each boundary.  Results for all boundaries and all 
measurements were averaged together to find the average 
depletion or enrichment for each element at the grain boundary 
due to irradiation.  The amount of segregation was taken as the 
value between the grain boundary (GB) measurement and the bulk 
composition measurement away from the boundary. 

Microchemistry data was collected and analyzed using 
EMiSPEC ESVision software.  Intensity data was converted to 
weight percent by calculating k-factors based on matrix values.  
K-factors, which relate the measured x-ray intensity to the local 
chemical composition, were determined as presented in reference 
[14] by averaging the results from multiple data points on either 
end of each line scan and the bulk composition measurements of 
the alloy.  Concentrations of Fe, Cr, Ni, and Mn were calculated at 
each point along the line scans from these k-factors.  At least 
two grain boundaries for each irradiation condition were analyzed 
with multiple measurements made on each grain boundary. 

CERT tests were performed in a controlled water 
environment with 2 ppm oxygen in 9 MPa water at 288°C with a 
strain rate of 3x10-7 s-1.  Inlet conductivity was controlled using 
dilute H2SO4 solution additions to maintain outlet conductivity at 
0.2 µS/cm.  A multi-sample autoclave was used to strain four 
samples in parallel for identical test conditions for all samples.  
 

Results 
 

Analysis was conducted on both irradiated and 
unirradiated conditions in order to determine the effect of 
additions of Zr.  The comparisons will describe changes in the 
hardening, microstructure, microchemistry and the susceptibility 
to IASCC due to the presence of the oversize atoms. 
 
Radiation-Induced Hardening 
 

The hardening that occurs due to irradiation was 
determined by measuring the hardness before and after irradiation. 



 
Figure 1. Radiation hardening and estimated change in yield 

strength due to proton irradiation at 400°C after doses of 3, 7 and 
10 dpa.  The values at 7 dpa 316+LoZr and 316+HiZr represent 

averages of two measurements each taken at 7 dpa.  
 
The irradiation hardening is found by subtracting the measured 
hardness before irradiation from the post-irradiation hardness.   

As shown in Figure 1, the presence of Zr in the 
316+LoZr alloy has no effect on radiation hardening relative to 
the reference alloy, but the alloy with high Zr content consistently 
results in less hardening than that at the low Zr content.  At 3 dpa 
the 316+LoZr sample shows 16% more hardening than 316SS, 
while 316+HiZr shows a slight decrease in radiation hardening.  
At 7 dpa, both +Zr samples show considerably more hardening 
than the 316SS.  However, the hardening decrease for 316SS 
between 3 and 7 dpa is troublesome and probably represents a 
problem with this condition.   

The incremental increase in hardening from 3 to 7 dpa is 
roughly the same for both the 316+LoZr and 316+HiZr samples.  
The change in hardening between 7 and 10 dpa is negligible for 
the 316+LoZr sample and increases by only 13% for the 
316+HiZr sample.  The data shows that radiation hardening 
appears to be approaching saturation between 7 and 10 dpa. 
 
Radiation-Induced Microstructure 
 

Average loop diameter and density, along with void 
size, density and swelling, are shown in Table 3.  Loop densities 
are reduced for both +Zr samples, where the loop density for 
316+LoZr at 3 dpa is the same as the loop density for 316+HiZr at 
7 dpa.  Although no loop measurements were made for 316SS or 
316+LoZr at 7 dpa, loop densities are not expected to change 
substantially between 3 and 7 dpa   Average dislocation loop sizes 
are larger for the +Zr samples compared to 316SS.   

A small number of voids are observed in the 316SS 
alloy at 3 dpa.  The amount of swelling is small, at less than 
0.01%.  The amount of swelling is similar to that seen in 316SS in 
Ref. 11 for a proton-irradiation dose of 2.5 dpa at 400°C.  No void 
swelling is visible in 316+HiZr at 3 dpa or 316+LoZr at both 3 
and 7 dpa.   

Radiation-Induced Segregation 
 

The RIS measurements for the 316SS and the +Zr alloys 
are shown in Table 4 with the average grain boundary 
concentrations for Fe, Cr, Ni and Mn for the alloy conditions that 
have been measured.  A small change in the Cr and Ni 
concentrations are seen for the 316SS at 3 dpa as compared to the 
matrix composition, with a 1.6 at% decrease in Cr and 2.2 at% 
increase in Ni.  The amount of Cr depletion and Ni enrichment is 
shown in Figure 2.  The figure illustrates that RIS for 316+LoZr at 
3 dpa is nearly the same as that in 316SS at the same dose.  The 
result indicates that the Zr addition failed to have any effect on the 
segregation behavior at the grain boundary.   

Although no RIS measurements are available for 316SS 
at 7 dpa, the 316+LoZr shows a substantial change in the amount 
of RIS from 3 to 7 dpa. Comparing 316+HiZr and 316+LoZr at 7 
dpa, the 316+HiZr sample exhibits substantially less RIS than the 
316+LoZr sample.  For 316+HiZr, Cr depletion was 2.2 at% and 
Ni enrichment was only 2.0 at%.  In fact, the Cr depletion for 
316+HiZr was only slightly more at 7 dpa than 316SS at 3 dpa, 
and Ni enrichment was actually less.  The result points to a 
reduction in RIS for the 316+HiZr alloy. 
 
Stress Corrosion Cracking 
 

Stress-strain measurements for the CERT test are shown 
in Figure 3 while results are shown in Table 5.  The CERT test 
includes both 316SS and 316+LoZr samples at 3 and 7 dpa.  The 
lack of measurements for the 316+LoZr 3-dpa sample is due to a 
loss of signal from the load cell.  The total strain to failure 
measurement was verified by measuring the total sample length 
before and after the test.   Table 5 lists the failure mode, strain to 
failure, percent of intergranular (IG) cracking in the irradiated 
region of the fracture surface, the number of cracks within the 
irradiated region of the samples and the total crack length.  These 
figures of merit give a measure of the susceptibility to stress 
corrosion cracking. 

Comparison of the reference alloys with the oversize-
solute alloys shows that despite the increased strain to failure, the 
Low Zr alloy is actually more susceptible to IG cracking.  In fact, 
the 316+LoZr samples at both doses of 3 and 7 dpa have a much 
higher number of cracks and total crack length.  The %IG 
cracking on the irradiated fracture surface at 3 dpa for 316+LoZr 
is only slightly less than the 316SS at 3 dpa, and by 7 dpa the 
316+LoZr sample showed complete IG cracking in the irradiated 
region of the fracture surface.  

Figure 4a shows the irradiated surface of part of the 
316+LoZr sample irradiated to 3 dpa.  The highlighted region is 
magnified in Figure 4b to show the intergranular nature of the 
cracking.  The cracking morphology for 316+LoZr at 7 dpa was 
very similar to that at 3 dpa.  Figure 4 illustrates the very high 
degree of cracking found in the +Zr alloys and explains both the 
unusually high number of cracks and the corresponding total 
crack length for the samples.  Although the total crack length is 
greater for the 3 dpa samples compared to the 7 dpa samples, the 
total crack length divided by the percent strain to failure is larger 
for the 7 dpa samples.  The total crack length divided by percent 
strain to failure better captures IASCC susceptibility of proton-
irradiated samples because the IG cracking is generally limited to 
the short proton penetration depth, delaying through thickness 
failure and allowing for additional crack nucleation and growth 
between existing cracks with increasing strain [15].  Higher doses 



are expected to result in greater IASCC susceptibility and 
therefore yield a higher value of crack length per unit of strain. 

Figure 5 shows the irradiated fracture surfaces of all 
four samples tested.  The first 40 µm from the top of each sample 
represents the irradiated region.  Both 316SS at 3 dpa and 
316+LoZr at 7 dpa show 100% IG cracking in the irradiated 
region, while 316+LoZr at 3 dpa shows predominantly IG 
cracking with some transgranular (TG) cracking.  Curiously, the 
316SS sample at 7 dpa showed no IG cracking on the fracture 
surface, and indeed none of the cracks on the irradiated gauge 
surface could be characterized as IG in nature. The results for this 
alloy and dose did not match the expected trend of increased IG 

cracking with increasing dose.  Nevertheless, percent strain to 
failure is lowest for the reference material at 7 dpa and highest for 
the 316+LoZr sample at 3 dpa, where both +Zr alloys had higher 
strain to failure values as compared to the 316SS samples.   

Analysis of the unirradiated gauge surface of all four 
samples showed no visible cracking.  Additionally, the 
unirradiated region of the fracture surface showed considerable 
necking for the 316SS samples, and to a lesser extent, for the 
316+LoZr samples.  The mode of failure in the unirradiated 
region of the sample cross section was either transgranular (TG) 
or ductile rupture. 

 
Table 3. Microstructure results for 316SS and the oversize solute alloys irradiated at 400°C with 3.2 MeV protons to doses of 3 and 7 dpa 

Alloy Dose Loop density Avg. Loop Void density Avg. void Swelling 
 (dpa) (1021/m3) Diameter (nm) (1021/m3) diameter (nm) (%) 

316SS 3 16.8 6.0 1.23 7.24 0.008 
316+LoZr 3 6.05 8.4 0 0 0 
316+LoZr 7 No data No data 0 0 0 
316+HiZr 7 6.04 7.1 0 0 0 

 
Table 4. GB microchemistry results for 316SS and oversize solute alloys irradiated at 400°C with 3.2 MeV protons to doses of 3 and 7 dpa 

Alloy Measured Dose (dpa) Fe Cr Ni Mn 
316SS Avg. GB comp. 3 69.5 14.5 15.0 1.00 

 Matrix comp.  70.0 16.1 12.8 1.11 

316+LoZr Avg. GB comp. 3 70.3 12.9 15.5 1.21 
 Matrix comp.  70.7 14.4 13.6 1.30 

316+LoZr Avg. GB comp. 7 68.5 11.1 19.3 1.06 
 Matrix comp.  70.6 14.4 13.7 1.30 

316+HiZr Avg. GB comp. 7 70.3 12.9 15.4 1.18 
 Matrix comp.  70.2 15.1 13.4 1.30 

 

                                                         
                 (a)                 (b) 
Figure 2.  Change in grain boundary concentration for (a) Cr and (b) Ni in 316SS, 316SS+LoZr and 316SS+HiZr following irradiation at 
400°C with 3.2 MeV protons.  



 
Figure 3. Stress-strain measurements for 316SS and 316+LoZr at 3 and 7 dpa after proton irradiation at 400°C with 3.2 MeV protons and 

SCC testing in simulated BWR NWC at 288°C 
 
Table 5. Results from stress corrosion cracking testing of 316SS and 316+LoZr proton irradiated at 400°C with 3.2 MeV protons to doses 
of 3 and 7 dpa and tested in a simulated BWR NWC condition at 288°C 

Alloy Dose 
(dpa) 

Strain 
to 

Failure 
(%) 

Fracture 
Mode of 
irradiated 

region 

% IG 
of irradiated 

region on 
fracture 
surface 

# of cracks on 
irradiated 

gauge 
surface 

Total crack length 
on irradiated 

gauge surface (µm) 

Total crack 
length/strain to 
failure (µm/%) 

316SS 3 12.1 IG 100 13 7300 603 
316+LoZr 3 25.5 IG + TG 85 183 103700 4067 

316SS 7 10.2 IG 100 18 6400 627 
316+LoZr 7 20.9 TG 0 163 102900 4923 

 
 
 

              
   (a)              (b) 
Figure 4.  The irradiated gauge surface of 316+LoZr after irradiation to 3 dpa at 400°C with 3.2 MeV protons and testing in simulated 
BWR NWC condition at 288°C at (a) low magnification showing much of the irradiated region and (b) at higher magnification to 
demonstrate the intergranular nature of the cracks. 
 

IG facets



                                                (a)                                          (b) 

            

             
                                                 (c)                (d)               
 
Figure 5. Fracture surface of (a) 316SS-3, (b) 316+LoZr-3, (c) 316SS-7, and (d) 316+LoZr-7 after irradiation with 3.2 MeV protons at 
400°C and testing in simulated BWR NWC condition at 288°C.  The irradiated region lies in the upper 40 µm of the fracture surface. 
 

Discussion 
 

The effect of oversize-solute elements on stainless steel 
microstructure, microchemistry and stress corrosion cracking has 
been demonstrated elsewhere, though only Fournier et al. [11] 
have examined the link between all of these properties.  The basic 
mechanism by which the oversize atoms are believed to affect 
stainless steel is through point-defect trapping.  Stress induced 
from the size mismatch between the oversize atom and the Fe-Cr-
Ni lattice results in the binding of vacancies with the oversize 
atom to achieve stress relaxation.  The capture of a vacancy 
should immobilize the solute until diffusing interstitials 
recombine with trapped vacancies, enhancing recombination and 
reducing the overall flux of point defects to boundaries and 
surfaces.  While some oversize solutes, such as Zr and Hf, have 
demonstrated either suppression of RIS or at least a delay in the 
onset of RIS [7, 11, 16], other oversize solute atoms, such as Ti 
and Nb, have shown much smaller improvements in radiation-
induced properties [6, 17-19].  The variation in results is believed 
to be due to the difference in the size of the oversize solute atom 
relative to the matrix atoms, where Hf and Zr have a much larger 
size difference compared with elements like Ti and Nb.  The link 

between the point-defect trapping mechanism and the radiation 
damage morphology will be discussed in order to demonstrate a 
link between oversize solute additions and the effect on IASCC. 
 
Role of Oversize Solutes on Microstructure 
 

The dominant defect feature in proton-irradiated 
stainless steel in the 300 - 400°C temperature range and moderate 
dose is dislocation loops.  At irradiation temperatures greater than 
300°C vacancies are emitted from dislocations making vacancy 
loops unstable above this temperature [2]. During irradiation 
interstitials form the dislocation loops that act as barriers to 
dislocation movement and result in radiation hardening.   

The amount of hardening observed in this study is 
compared to literature hardness data for proton irradiations of 
stainless steels in Figure 6.  Most notably, Dropek et al. [10] 
observed a small reduction in hardening through Zr addition to 
304SS, but the lower Zr alloy at 0.04 at% showed less hardening 
than the alloy with 0.16%, suggesting that there was little or no 
benefit on radiation hardening through Zr addition.  Figure 6 
shows the same effect for the 316+LoZr and 316+HiZr alloys in 
this study compared to literature results for 300 series stainless 

Irradiated 
Region 



steels, some of which contain oversize solutes.  In this figure, data 
from this study is shown in solid symbols and the color indicates 
oversize solute alloys, with red as Zr, blue as Hf, and all other 
oversize solute alloys in green.  Also, all data is for 400°C 
irradiations unless otherwise indicated. 

The 316+LoZr alloy shows more hardening than does 
the 316+HiZr alloy, especially at 3 and 7 dpa, with a difference of 
25% between the two alloys at 3 dpa and 15% difference at 7 dpa.  
This trend would be consistent with the mechanism by which 
oversize solute additions are believed to affect the irradiated 
microstructure of stainless steel, where increasing the oversize 
solute concentration should reduce radiation damage through 
increased point defect recombination.  The reduction would 
include a decrease in the faulted loop size and/or density that 
cause radiation hardening.  This result, however, is contrary to the 
data of Dropek et al. [10] which shows a slight increase in 
hardening with the higher Zr concentration.   

Because the point-defect trapping mechanism assumes 
that recombination of point defects is enhanced, the nucleation of 
dislocation loops should be reduced because of the lower point 
defect density.  If oversize solute atoms are able to effectively trap 
vacancies, fewer vacancies will migrate toward grain boundaries, 
more will recombine with migrating interstitials and the 
partitioning of point defects will be reduced.  The end result is a 
lower loop density. 
 

 
Figure 6. Radiation hardening for proton-irradiated 304 and 316-
type stainless steels [10, 11, 20, 21].  Irradiation temperature is 
400°C for all data unless indicated otherwise. 
 

Loop diameters and densities shown in Table 3 are 
consistent with proton-irradiated 316SS from Gan and Was [22], 
although their irradiation temperature was slightly lower at 360°C. 
Compared to the reference 316SS alloy, the oversize solute alloys 
have slightly larger loop diameters, 8.4 nm for 316+LoZr at 3 dpa 
and 7.1 nm for 316+HiZr at 7 dpa, compared to 6.0 nm for 316SS.  
The densities for the +Zr samples, however, are considerably less 
than that in 316SS, indicating a reduction in the nucleation of 
dislocation loops as a result of the oversize solute atoms.  The 
change in loop microstructure between the 316SS and 316+Zr 
samples does not correlate with the lack of change in radiation 
hardening.  A better correlation will be needed between radiation 
hardening and dislocation loop size and density and will require 
dark field (DF) imaging to gain a clearer picture of the loop 
microstructure. 

Fournier et al. [11] reported a small increase in both the 
loop density and loop size in 316SS after addition of the oversize 
solute Pt and proton-irradiation to 2.5 dpa at 400°C.  However, for 
316SS+Hf, the trend was opposite that reported here, where loop 
densities increased and average sizes decreased at both 2.5 and 5 
dpa.   This would require the oversize solute to enhance loop 
nucleation in order to obtain higher loop densities.   

Lattice strain induced by the oversize solute atoms 
would require relaxation through vacancy capture.  Because the 
oversize atoms are believed to act as vacancy trapping sites, they 
also have a preferential point defect bias for interstitials.  Because 
dislocation loops are believed to be primarily interstitial in nature, 
it is unclear as to why oversize solute atoms would enhance 
dislocation loop nucleation and increase the density [2, 23-26].  
Instead, it makes sense that the opposite would occur, where 
dislocation loop density and size are lower in the oversize solute 
alloys than the reference material. 

In the study by Dropek et al. [10], the result is similar to 
that seen here.  Loop densities are substantially reduced for both 
+Zr alloys as compared to the base 304L material.  The alloy with 
higher +Zr concentration showed an even greater reduction in 
loop density compared to the alloy with lower +Zr concentration.  
In contrast, average loop sizes see an increase for the +Zr alloys 
over the 304L.  These results are consistent with the results in this 
study, where the addition of Zr reduced the loop density and 
increased the average loop size.  This is also consistent with the 
point defect trapping mechanism where the oversize solute atoms 
suppress loop nucleation. 
 The amount of swelling seen in 316SS at 3 dpa is 
similar to that seen by Ref. 11 at a dose of 2.5 dpa.  No voids were 
visible in any of the +Zr samples, even up to 7 dpa.  No void 
measurements are available for 316SS at 7 dpa.  However, 
because void swelling is expected to increase with dose for 
316SS, then the lack of voids in 316+LoZr at 7 dpa demonstrates 
a suppression of void swelling through the oversize solute 
addition. 
 
Role of Oversize Solutes on Microchemistry 
 

A reduction in the point defect flow toward grain 
boundaries would imply a corresponding reduction in RIS.  
Kasahara et al. [8] using He+ ions with energy 400 keV at 500°C 
showed a steady decrease in RIS with increasing Zr concentration 
until RIS was eliminated with a Zr concentration of 0.41 at% at 
3.4 dpa.  Sakaguchi et al. [7] showed a reduction in RIS with 
oversize solute additions after electron irradiation, with a large 
decrease occurring with the addition of Zr and Hf.  And Kato et 



                   
Figure 7. Grain boundary segregation measurements for 304 and 316-type stainless steels [9, 11, 20, 21, 27-29].  Some data points are 
offset slightly in dose for visualization purposes. 
 
al. [5] demonstrated an almost complete suppression of RIS in 
electron irradiation up to 10 dpa using Zr and Hf in 316SS.  RIS 
measurements for Cr depletion and Ni enrichment compared to 
other measurements for 304 and 316-type stainless steels are 
shown in Figure 7.  The solid symbols represent the data from this 
study, and symbols of the same color are for alloys with the same 
oversize solute addition.  Black-colored symbols are reserved for 
austenitic steels without oversize solutes.   All data is for 400°C 
unless indicated otherwise. 

Fournier et al. [11] showed a strong effect of Hf at 2.5 
dpa compared to 316SS.  The difference in RIS between 316+Hf 
and 316SS by 5 dpa, however, is less significant, showing 5 at% 
depletion of Cr for the Hf alloy compared to 6 at% for the 316SS.    
Pt addition showed less of an effect than Hf on RIS at 2.5 dpa, and 
no data was available for the Pt-addition alloy at 5 dpa.  The 
irradiation conditions for Fournier’s experiments were the same as 
in the present study. 

Recently, Allen et al. [9] analyzed 304L with 0.04 and 
0.16 wt% Zr irradiated in the Michigan Ion Beam Laboratory at 
400°C using 3.2 MeV protons.  From RIS measurements, Cr 
depletion in the +Zr alloys at 1.0 dpa was more than the 304SS at 
0.5 dpa, but Ni enrichment was much less.  304+0.04Zr showed a 
Cr depletion of 4.8 at% and 304+0.16Zr had 6.7 at% depletion, as 
compared to only 3.3 at% for 304L.  Clearly, the Zr addition was 
ineffective at reducing Cr depletion in this case, and yet, the same 
alloys showed less than half of the Ni enrichment at 1.0 dpa of the 
304L alloy at 0.5 dpa.  Substantially more Ni enrichment was seen 
by Allen et al. [9] as compared to the 316SS at 3 dpa in this study.  
Part of this may be due to the fact that only one grain boundary 
was measured for the 316SS at 3 dpa, and it is known that 
concentrations at grain boundaries can vary depending on their 
orientation [29, 30], so a set of measurements from more than just 

one grain boundary is necessary to get an idea of the average grain 
boundary concentration. 

The RIS results presented here and by both Fournier et 
al. [11] and Allen et al. [9] suggest that the suppression of RIS by 
oversize solute additions may not be as significant as was found in 
electron irradiation studies, and the effect may be transient, 
effectively reducing RIS at low doses but having a steadily 
declining effect with increasing dose.  Yet, the results for 
316+HiZr suggest that the oversize solute additions can 
substantially reduce RIS even up to doses of 7.  The effect will 
also depend on the type of oversize solute addition.  For example, 
the decrease in RIS seen by Fournier et al. [11] using Hf was more 
substantial than was the use of Pt in the same study or the addition 
of Zr shown by Allen et al [9].     
 
Effects on Irradiation Assisted Stress Corrosion Cracking 
 

The results of SCC testing on the 316SS and 316+LoZr 
alloys show no benefit of the Zr on the amount of cracking or 
percent of IG cracking on the fracture surface after testing in the 
simulated BWR NWC environment.  In fact, both +Zr alloys 
show substantially more cracking on the irradiated gauge surfaces 
than the 316SS samples.   

The increased strain to failure for the +Zr alloys is 
consistent with results seen by Fournier et al. [11].  They reported 
32% strain for the 316+Hf alloy at both 2.5 and 5 dpa, while the 
316SS failed at 24% strain at 2.5 dpa and 17% strain at 5 dpa.  
The difference between reference and oversize solute alloys is 
similar to what is reported here.  However, Fournier also reported 
almost no IG cracking in the irradiated region of the fracture 
surface and a large reduction in both the number of cracks and the 
total crack length for the Hf-doped alloys.  The results for the 



316+LoZr samples tested in this study show the opposite trend.  
Despite the increase in the total strain of the 316+LoZr samples, 
the mode of failure and %IG cracking is essentially the same as 
316SS at 3 dpa.  Moreover, the addition of Zr clearly has had a 
detrimental effect on the amount of cracking in the irradiation 
condition.   

Dropek et al. [10] also used Zr additions to study the 
IASCC in 304L.  Using the same BWR NWC conditions as this 
study, both +Zr alloys showed more %IG cracking on the fracture 
surface than 304L, but they both showed a small reduction in total 
crack length, with 304+0.04Zr showing less cracking than 
304+0.16Zr.  Similar to the microchemistry and radiation 
hardening results for these alloys [9, 10], the 304+0.16Zr alloy 
showed less of a benefit than the lower-Zr alloy at reducing 
radiation hardening, RIS, and IASCC.   

The differences in radiation hardening in this study 
between the 316SS and 316+LoZr samples is small and fails to 
account for the disparity in SCC results.  This clearly indicates 
that, although radiation hardening may or may not contribute to 
IASCC, the amount of radiation hardening must play a secondary 
role in the cause of cracking. Radiation hardening may still be a 
factor in causing IASCC is evidenced by the much lower 
hardening seen in the 316SS at 7 dpa sample and the 
corresponding lack of IG cracking.  However, the fact that the 
hardening results for 316SS and 316+LoZr at 3 dpa differ by 17% 
and yet the number of cracks and total crack length is more than 
an order of magnitude larger for the 316+LoZr sample shows that 
radiation hardening alone cannot account for these differences. 

Similarly the dislocation microstructure does not reveal 
much into accounting for the SCC results.  Although the BF 
dislocation results are preliminary and need further analysis with 
dark field (DF) imaging, loop densities are lower for the 
316+LoZr samples, with only small increases in the average loop 
size, yielding a net decrease in the loop line length.   

Finally, correlating the results from RIS measurements 
to the SCC testing, one can observe from Figure 2 that there is no 
difference in Cr depletion or Ni enrichment between 316SS and 
316+LoZr.  Although no RIS measurements have been made for 
the 316SS, the amount of RIS observed in 316+LoZr and the 
literature results shown in Figure 7 suggest that there will likely 
be little difference between RIS in the 7 dpa reference and 
316+LoZr samples.  While results are incomplete, preliminary 
data suggests that IASCC cannot be attributed solely to RIS and 
Cr depletion.  While the traditional belief holds that Cr depletion 
is a major cause of IASCC, the poor correlation between RIS and 
IASCC has been seen elsewhere [1, 12].  In fact, Busby et al. [1] 
found in a post-irradiation annealing study of 304SS that neither 
radiation hardening, dislocation microstructure, nor RIS of Cr and 
Ni could be the sole cause of IASCC. 
 The lack of a clear connection between the 
microstructure or microchemistry and the results of SCC testing 
reveal that another mechanism may be responsible for the high 
degree of cracking shown in the 316+LoZr samples.  The 
presence of C is well-known to reduce toughness and cracking 
resistance in steels, especially upon formation of carbides on grain 
boundaries [31].  Although the reference 316SS has a low C level 
of <0.01, both +Zr alloys contain 0.05 C, which may have an 
effect on the cracking behavior.   
 Perhaps more significant is the effect of Si.  Scott et al. 
[32] and Andresen et al. [33-35] have both concluded that Si may 
play a role in IASCC susceptibility.  Jacobs et al. [36] attributed 

increased IASCC in neutron-irradiated commercial-purity steels to 
the presence of Si.   
 Moreover, Si is known to decrease the stacking fault 
energy (SFE) [37]. Higher stacking fault energies promote cross-
slip and permit easier dislocation movement.  Conversely, a 
decrease in the SFE induces planar slip which results in a high 
level of local strain at the intersection of the slip bands and the 
grain boundary.  Higher levels of Si reduce the SFE and could 
lead to increased susceptibility to SCC.  The +Zr alloys again 
have higher levels of impurities than the 316SS, where 316+LoZr 
has 0.38 wt% Si and 316+HiZr has 0.40 wt% of Si, compared to 
only 0.01 wt% Si in the reference 316SS alloy.  The higher Si 
level could certainly be at least in part responsible for the more 
severe cracking observed in the 316+LoZr samples at 3 and 7 dpa.   
 

Summary 
 

Zr additions had relatively little effect on radiation 
hardening, with the 316+LoZr samples showing slightly larger 
radiation hardening than the 316SS or 316+HiZr samples.  
Dislocation densities were reduced and average sizes slightly 
increased for the +Zr alloys relative to the 316SS.  Although a low 
amount of swelling was seen in 316SS at 3 dpa, no voids were 
observed in either of the +Zr alloys at 3 or 7 dpa.  The difference 
in RIS of Cr and Ni between 316SS and 316+LoZr at 3 dpa was 
negligible, though RIS for 316+HiZr was considerably less than 
316+LoZr at 7 dpa. 

The link between the oversize solute addition of Zr and 
its effect on IASCC shows that although the percent strain to 
failure increased substantially for 316+LoZr compared to the 
316SS, cracking behavior was substantially worse as the number 
of cracks and total crack length was increased by more than an 
order of magnitude.  Because neither the microstructure nor the 
microchemistry can explain the differences in IASCC behavior 
between the two alloys, there is some other mechanism resulting 
in the large increase in IASCC seen for the 316+LoZr samples. 
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