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ABSTRACT 

Life extension of the existing nuclear reactors imposes accumulated damages, such as higher fluences 
and longer period of corrosion, to structural materials, which would result in significant challenges to the 
traditional reactor materials such as type 304 and 316 stainless steels. Advanced alloys with superior 
radiation resistance will increase safety margins, design flexibility, and economics for not only the life 
extension of the existing fleet but also new builds with advanced reactor designs. The Electric Power 
Research Institute (EPRI) teamed up with Department of Energy (DOE) on the Advanced Radiation 
Resistant Materials (ARRM) program, aiming to develop and test degradation resistant alloys from current 
commercial alloy specifications by 2021 to a new advanced alloy with superior degradation resistance in 
light water reactor (LWR)-relevant environments by 2024. Based on a comprehensive literature review, a 
number of alloys were selected for screening tests in Phase-1 of the ARRM program to down-select alloys 
for upcoming Phase-2 neutron irradiation studies. As a part of Phase-1 screening studies, this report 
summarizes the steam oxidation test results of alloy 718A, which complete the steam oxidation tests of 
selected alloys, and the tensile test results of eight alloys to be compared with their previously tested fracture 
toughness results at similar temperatures.  

Coupons of alloy 718A were exposed to 1 bar steam with ~10 ppb oxygen content at 600 and 650°C 
for up to 5,000 h. Mass changes of the coupons, measured with 500-h exposure intervals, indicated minor 
or negligible mass losses at the two temperatures, which was evidenced by the optical images of the surface 
scales. Compared with the previously tested alloys, alloy 718A has steam oxidation resistance slightly 
inferior to alloy X-750 but superior to all the other tested alloys. Analysis suggested that increasing 
aluminum content could significantly improve steam oxidation resistance of the alloys, approximately 
following a power law relationship. The good steam oxidation resistance of alloy 718A might have 
benefited from its high aluminum content, together with a good combination of Cr, Ni, and Fe content. 

Tensile tests were conducted at 23–800°C for eight alloys, i.e., optimized Grade 92, 14YWT, 310, 
316L, 690, 718A, 725, and X-750. The high-strength alloys X-750, 718A, 725, and 14YWT had the highest 
strength, except for 14YWT having a significant strength reduction with the increasing temperature. Low-
strength alloys 316L, 310, and 690 had consistent low strengths, while optimized Grade 92 showed 
moderate strengths, together with a moderate strength reduction with the increasing temperature, between 
the high- and low-strength alloys. The alloys with higher strengths generally showed lower plastic 
elongations, with alloy 718A had an abnormal reduction in uniform and total plastic elongations at 800°C. 
Ferritic steels optimized Grade 92 and 14YWT had the lowest plastic elongations at the lower test 
temperatures. 

The tensile properties, including yield strength, effective yield strength, strain-hardening capability, 
strain-hardening exponent, and tensile toughness, were analyzed from each tensile curve of the eight alloys. 
The tensile properties at 300°C were correlated with the previously evaluated fracture toughness of the 
eight alloys at 250–350°C. The results indicate that fracture toughness approximately linearly increases 
with the increasing strain-hardening capability and exponent, while decreases with the increasing yield 
strength, effective yield strength, and tensile toughness. Detailed analysis using 14YWT as an example 
suggestS that strain-hardening capability and exponent provide a better correlation with fracture 
toughness than the other three aforementioned tensile properties. 
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1. INTRODUCTION  

Nuclear power currently provides a significant fraction of the United States’ non-carbon emitting power 
generation. In future years, nuclear power must continue to generate a significant portion of the nation’s 
electricity to meet the growing electricity demand, clean energy goals, and to ensure energy independence. 
New reactors will be an essential part of the expansion of nuclear power. However, given limits on new 
builds imposed by economics and industrial capacity, the extended service of the existing fleets will also 
be required. 

Nuclear reactors present a very harsh environment for components service. Components within a 
reactor core must tolerate high temperatures, water, stress, vibration, and an intense neutron field. With the 
nominal irradiation temperature of ~290°C in light water reactors (LWRs), actual component temperatures 
range from 270°C to 370°C depending on the relative position of the component within the reactor core 
and relative amounts of cooling and gamma heating. Degradation of materials in this environment can lead 
to reduced performance, and in some cases, sudden failure. Extending the service life of a reactor will 
increase the total neutron fluence to each component and may result in radiation-induced effects not yet 
observed in LWR conditions, although this form of degradation has been observed in fast reactor conditions. 
Increases in neutron fluence may exacerbate radiation-induced or -enhanced microstructural and property 
changes. Comprehensive reviews on radiation effects on the traditional structural materials of LWRs can 
be found in Ref. [1,2,3]. 

It is desirable to have advanced alloys that possess greater radiation resistance than the traditional 
reactor materials, while having satisfactory performance in other primary properties. The use of such 
advanced alloys in replacing the traditional reactor materials for the extension of the existing fleets and the 
building of new reactors will bring improved safety margins and economics. To identify and develop 
advanced radiation resistant materials, Electric Power Research Institute (EPRI) has partnered with 
Department of Energy (DOE) Light Water Reactor Sustainability (LWRS) Program to conduct an 
Advanced Radiation Resistant Materials (ARRM) program. The EPRI report of “Critical Issues Report and 
Roadmap for the Advanced Radiation-Resistant Materials Program” [4] reviewed the current commercial 
and advanced alloys that are applicable as core structural materials of LWRs and laid out a detailed research 
plan to meet the goal of the program. 

The selected alloys were procured from different commercial vendors and subjected to scrutiny to 
ensure acceptable heat quality [5,6], for Phase-1 screening studies under the ARRM program, including 
steam oxidation resistance, fracture toughness, ion-irradiation-induced radiation-hardening and irradiation-
assisted stress corrosion cracking resistance, etc. The alloys are down-selected for Phase-2 neutron 
irradiation study and comprehensive post-irradiation examinations to understand key factors governing 
superior properties, from which advanced replacement alloys can be developed and recommended for 
applications in LWR core internals. As part of the Phase-1 studies of the ARRM program, steam oxidation 
tests and fracture toughness tests have been conducted on the select alloys [7,8,9,10]. Because of the late 
material availability, alloy 718A is the only select alloy that was not exposed to the steam oxidation tests. 
This report describes the steam oxidation test results of alloy 718A, together with tensile test results of 
select alloys. The tensile properties are correlated with the previously examined fracture toughness of the 
same alloys to identify potential connections between the results of the two types of mechanical tests.  
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2. EXPERIMENTAL  

2.1 ALLOYS 

Two high-strength alloys 718A (EPRI version of 718) and 725, together with three low-strength alloys 
690, 310, and Grade 92, are down-selected for Phase-2 neutron irradiation study. Alloy X-750 and 316L 
are used as controls for the high- and low-strength alloys, respectively. Commercial heats of the alloys were 
procured with the reported compositions in weight percent (wt%) listed in Table 1. The heat numbers and 
specific heat treatments that were applied to the heats are presented in Table 2. The oxide-dispersion-
strengthened steel 14YWT is not down-selected through the Phase-1 non-irradiation and ion-irradiation 
performance studies because of its difficulty in large-scale production compared with the other alloys and 
the existence of some micro-cracks in the as-fabricated condition. However, it’s included here in 
mechanical property comparison.  

Table 1.  Vendor reported composition* (wt%) of selected alloys 

Alloy Fe Cr Ni Mo Al Ti Nb Si Mn C N 
690 10.38 29.44 59.33 0.01 0.23 0.35 0.01 0.05 0.15 0.03 0.01 

718A 18.95 18.46 52.77 2.90 0.61 0.96 5.20 0.02 0.01 0.036 - 
725 7.94 21.52 57.60 8.07 0.17 1.35 3.41 0.04 0.04 0.01 - 

X-750 8.44 15.68 71.02 - 0.72 2.61 0.85 0.06 0.04 0.04 - 
310 Bal. 24.21 19.26 0.01 - - - 0.69 1.3 0.059 0.058 

316L Bal. 16.20 10.11 2.06 0.009 0.002 0.007 0.35 1.58 0.017 0.08 
Grade 

92 Bal. 8.81 0.12 0.36 0.01 0.01 0.08 0.1 0.4 0.091 0.046 

14YWT‡ Bal. 14.1 - - - 0.36 - - - 0.0043 0.0058 
*The content of other trace elements, e.g., Co, P, S, Cu, and other impurities is not reported here, while 

the W, Y and O content in 14YWT is 2.83, 0.217 and 0.0054, respectively. The “-” sign in each cell denotes 
not reported. 

 
 

Table 2.  Fabrication condition of selected alloys 

Alloy Heat number Fabrication method a Heat treatment b 
690 NX7075HK VIM + ESR 1038°C/2.7h/AC  

718A Not provided Not provided 1093°C/1h/WQ + 718°C/8h/cool at 55°C/h to 
621°C/8h/AC 

725 416408 VIM + VAR 1038°C/2h/FC + 725°C/8h/cool at 56°C/h to 
621°C/8h/AC 

X-750 418365 VIM + ESR 1080°C/2h + 715°C/20h/AC 
310 011509 VIM 1038°C/1h/WQ 

316L 857115 EAM  
Grade 92 011448 VIM 1130°C/0.5h/WQ + 600°C/1h/AC + 750°C/4h/AC 

14YWT FCRD-NFA1 Powder Metallurgy 850°C extrusion + 1000°C cross-rolling to 50% 
thickness reduction 

a VIM – vacuum induction melting; ESR – electroslag remelting; VAR – vacuum arc remelting; EAM – 
electric arc method 
b FC – fan cool; AC – air cool; WQ – water quench 
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2.2 STEAM OXIDATION TEST 

Coupons (19 × 10 × 1.5 mm) were cut from the procured alloy 718A by electro-discharge machining 
and ground to a 600 grit SiC finish, followed by ultrasonic cleaning in acetone and methanol in sequence. 
The exposures were conducted in three-zone tube furnaces with an alumina reaction tube and stainless steel 
endcaps. The deionized water was deaerated, filtered and atomized without a carrier gas to generate 1 bar 
steam with ~10 ppb oxygen content. The oxygen content is comparable to the oxygen level in the primary 
water chemistry (≤10 ppb) of pressured water reactors and significantly lower than the normal water 
chemistry (200–400 ppb) of boiling water reactors [11]. Three identical coupons were evaluated at each 
temperature and held in an alumina boat. The coupons were slowly heated to the target temperatures over 
~4 h under Ar gas to limit oxidation, held for 500 h each cycle at 600 or 650°C and then cooled in the same 
manner for a total of 10 cycles. Mass change was measured each cycle using a Mettler-Toledo model XP205 
balance with an accuracy of ±0.04 mg or ±0.01 mg/cm2. 

Surface morphology of the steam-exposed coupons was evaluated by means of optical microscopy to 
monitor surface scale integrity.  

 

2.3 TENSILE TEST 

Type SS-3 and SS-J3 miniature specimens were machined from the procured heats with the gauge 
length direction parallel to the rolling direction of plates or axial direction of rods. Figure 1 and Figure 2 
show the geometries of type SS-3 and SS-J3 specimens, respectively. Type SS-J3 specimens were only 
used for alloys 316L and 725 because the length of the rods (i.e., axial direction) could not afford type SS-
3 specimens. Tensile tests were conducted in air at room temperature, 300, and selective high temperatures, 
following the ASTM standard E8 “Standard test methods for tension testing of metallic materials” and E21 
“Standard test methods for elevated temperature tension tests of metallic materials”. Tests were performed 
using an MTS tensile testing system with a load cell possessing 22 kN (5000 lbf) capacity, which is 
integrated in the load train and placed in the water-cooled zone below the hot zone of the furnace. Tensile 
testing was performed at a crosshead speed of 0.018 in/min for type SS-3 and 0.012 in/min for type SS-J3 
to achieve the same nominal strain rate of 0.001 s–1. The tensile testing system, load cells, and furnace 
thermocouples have been routinely calibrated. 
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Figure 1.  Geometry of type SS-3 miniature specimen in inch. 

 

 
Figure 2.  Geometry of type SS-J3 miniature specimen in inch. 
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3. STEAM CORROSION OF ALLOY 718A  

3.1 MASS CHANGE  

The time-dependent mass changes of the steam-exposed coupons of alloy 718A at 600 and 650°C are 
shown with red open squares in Figure 3, compared with the previously tested results of alloys 690, 725, 
and X-750 in black open circles, blue open triangles, and green open diamonds, respectively. The dashed 
lines are polynomial fitting to indicate the time-dependent trends. The mass changes of alloy 718A are 
noticeably smaller than that of alloys 690 and 725, which are comparable to but have slightly larger 
deviations than that of alloy X-750. Alloy 718A followed the same trend of small mass gains as alloys 690 
and 725 during the first 1,500 h of exposure at 600°C, after which alloy 718A maintained relatively stable 
minor or negligible mass gains or losses, in contrast to alloys 690 and 725 showing continuous mass losses 
with increasing exposure. At 650°C, alloy 718A exhibited minor mass losses within ~3,000 h and turned 
to smaller mass losses or gains afterwards.  

 

Figure 3.  Time-dependent mass change of alloy 718A compared with alloys 690, 725, and X-750 exposed to 
steam at (a) 600°C and (b) 650°C. Each symbol indicates a measurement per sample. The dashed lines are in 

polynomial functions indicating the general trend. 

 

3.2 SURFACE MORPHOLOGY  

Surface morphologies of the exposed coupons of alloy 718A were imaged using an optical microscope, 
which are shown in Figure 4. The generally bluish surface of the 1000h-exposed coupon at 600°C suggests 
the presence of a smooth thin layer of oxide scale, which is decorated with little rough scale in brownish 
speckles. The brownish rough scales developed with the longer exposure at 600°C and all most throughout 
the coupons exposed at 650°C. Comparing with the mass changes in Figure 3, the brownish scale 
corresponds to the fluctuation of minor mass losses and gains, resulting in rougher surfaces without much 
light reflection. Detailed microstructural characterization using scanning electron microscopy, transmission 
electron microscopy, and energy dispersive x-ray spectroscopy will be pursued for selective coupons of 
alloy 718A.  
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Figure 4.  Optical micrographs of alloy 718A coupons exposed at 600 and 650°C for up to 5000 h. 

 

3.3 CORROSION RATE 

Corrosion rate (CR) of the alloys was calculated using the equation of CR (mm/year) = 87.6w/Dt, where 
w is mass change in mg/cm2, D alloy density in g/cm3, and t exposure time of the alloy sample in hours. 
Figure 5 plots the corrosion rates of alloy 718A compared with the previously tested alloys at 600 and 
650°C based on their results after 5,000 h exposure. The bar charts are plotted in blue and red for the mass 
gains (positive) and mass losses (negative) of the results, respectively. Alloy 718A exhibited the lowest 
corrosion rate (magnitude) compared with the other alloys. Considering the general mass losses of alloy 
718A at 600 and 650°C, suggesting scale instability, alloy X-750 had the best resistance to the steam tests 
at the two temperatures.  

 

Figure 5.  Corrosion rate (in a logarithmic scale) of alloy 718A compared with other previously tested alloys 
at (a) 600°C and (b) 650°C. (* high-strength alloys) 

 



 

8 

3.4 ALLOYING EFFECT ON OXIDATION RESISTANCE 

Effect of aluminum content on corrosion rate of the aluminum-bearing alloys exposes to steam at 600 
and 650°C is plotted in Figure 6. The strong aluminum benefit on oxidation resistance is evidenced by the 
decreased corrosion rate with increasing aluminum content, following a power law relationship. Similar 
analyses for the influence of Cr, Ni, and Fe content were also conducted, which followed the same trend 
reported in Ref. [7]. The corrosion rate was significantly reduced with increasing Cr content with Ni content 
above ~15 wt% and Fe content less than ~55 wt%.  

 

Figure 6.  Effect of aluminum content on corrosion rate of alloys exposed to steam at 600 and 650°C for 5,000 
h. Note the logarithmic scales. 
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4. TENSILE PROPERTIES OF SELECT ALLOYS 

4.1 TENSILE CURVES 

The stress-strain curves of the tensile-tested samples of select alloys are shown in Figure 7, Figure 8, 
and Figure 9 for ferritic steels (optimized Grade 92 and 14YWT), austenitic stainless steels (310 and 316L), 
and Ni-base superalloys (690, 718A, 725, and X-750), respectively. Two samples were tested at 23 and 
300°C while one sample was tested at the other temperatures, except for 14YWT tested with one sample at 
all temperatures. The duplicate sample at 23 and 300°C of the alloys exhibited about the same strength and 
work hardening with more or less difference in total elongation.  

 

Figure 7.  Tensile curves of (a) ferritic-martensitic steel Optimized Grade 92 and (b) ferritic oxide-dispersion-
strengthened 14YWT. 

 

 
Figure 8.  Tensile curves of austenitic stainless steels (a) 310 and (b) 316L. 
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Figure 9.  Tensile curves of Ni-base superalloys (a) 690, (b) 718A, (c) 725, and (d) X-750. 

 

The tensile curves were analyzed to deduce the temperature-dependent yield strength, tensile strength, 
uniform plastic elongation, and total plastic elongation as shown in Figure 10. Each symbol represents one 
sample result that is connected by lines for each alloy. Polynomial fitting could not yield good results to 
show the trends because of the limited data points for each alloy. The contribution of elastic elongation was 
considered because of the unreliable Young’s modulus from the crosshead controlled tensile tests. The 
high-strength alloys X-750, 718A, 725, and 14YWT had the highest strength, except for 14YWT having a 
significant strength reduction with the increasing temperature. Low-strength alloys 316L, 310, and 690 had 
consistent low strengths, while optimized Grade 92 showed moderate strengths, together with a moderate 
strength reduction with the increasing temperature, between the high- and low-strength alloys. The 
elongation consistency is not as good as the strength consistency for the duplicate samples tested at room 
temperature and 300°C, e.g., the elongation of alloy 316L at room temperature and 690 at 300°C. The alloys 
with higher strengths generally showed lower plastic elongations, with alloy 718A had an abnormal 
reduction in uniform and total plastic elongations at 800°C. Ferritic steels optimized Grade 92 and 14YWT 
had the lowest plastic elongations at the lower test temperatures.  



 

11 

 

  

 

Figure 10.  Temperature-dependent (a) yield strength, (b) tensile strength, (c) uniform plastic elongation, and 
(d) total plastic elongation of 310, 316L, 690, 718A, 725, X-750, Opt.G92, and 14YWT. Each symbol 

represents one sample result that is connected by lines for each alloy. 

 

4.2 STRAIN-HARDENING EXPONENT 

In order to analyze the flow behavior of the select alloys under the tensile tests, the work-hardening 
parameters were evaluated by following the Croussard-Jaoul formulation [12], in which the true stress (σ) 
is expressed as 𝜎𝜎 = 𝜎𝜎# + 𝐾𝐾𝜀𝜀', where ε is true plastic strain and σ0, K, and n are fitting parameters for initial 
true stress (MPa), strength coefficient (MPa), and strain-hardening exponent (unitless), respectively. 
Following the standard true stress-strain calculation from engineering stress-strain result before specimen 
necking, the strain-hardening exponent of the tested alloys at different temperatures were analyzed and is 
plotted in Figure 11. Compared with the body-centered-cubic (bcc) alloys, i.e., optimized Grade 92 and 
14YWT, the face-centered-cubic (fcc) alloys had greater values of strain-hardening exponent, with the high-
strength fcc alloys having slightly lower values. Unlike the other alloys having strain-hardening exponent 
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relatively independent with temperature, 14YWT exhibited a noticeable reduction in strain-hardening 
exponent from ~0.5 at temperatures below 400°C to < 0.25 at temperatures above 550°C.  

 

Figure 11.  Temperature-dependent strain-hardening exponent of the tested eight alloys. 

 

4.3 TENSILE TOUGHNESS 

Tensile toughness was estimated by integrating the area under each tensile curves of the tested alloys. 
The temperature-dependent tensile toughness is plotted in Figure 12 in MPa with unitless elongation, 
namely MJ/m3 as a function of temperature.	Unlike	14YWT	with	a	linear	reduction	of	tensile	toughness	
with	the	increasing	temperature,	the	other	alloys	exhibited	relatively	slower	reduction,	except	for	
alloy	718A	having	an	accelerated	reduction	at	temperature	above	700°C.	In	general,	the	high-strength	
fcc	alloys	725,	X-750	and	718A	had	the	highest	tensile	toughness,	followed	by	the	low-strength	fcc	
alloys	690,	310,	and	316L.	The	ferritic	(bcc)	alloys	14YWT	and	optimized	Grade	92	had	the	lowest	
tensile	toughness.		

 

Figure 12.  Temperature-dependent tensile toughness of the tested eight alloys. 
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4.4 CORRELATION BETWEEN TENSILE PROPERTIES AND FRACTURE TOUGHNESS 

Fracture toughness at elevated temperatures (250–350°C) of the select alloys was assessed and reported 
in Refs. [8,9]. Figure 13 plots the fracture toughness at 250–350°C of the eight alloys as a function of tensile 
properties, such as the difference of tensile strength and yield strength (TS – YS), yield strength (YS), 
effective yield strength [(YS + TS) / 2] defined in the ASTM standard E1823-13, “standard terminology 
relating to fatigue and fracture testing”, as well as the deduced strain-hardening exponent and tensile 
toughness.  

 

 

Figure 13.  (a-c) Correlation between fracture toughness and tensile properties at 250–350°C of the tested 
eight alloys, together with (d) temperature-dependent fracture toughness and strain-hardening exponent of 

14YWT. 

 

Figure 13a illustrates an approximately linear increase of fracture toughness with the increasing 
difference of tensile strength and yield strength (or strain-hardening capability, TS – YS), while an 
approximate linear decrease of fracture toughness with the increasing yield strength and effective yield 
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strength. Figure 13b shows an approximately linear increase of fracture toughness with the increasing 
strain-hardening exponent, which is consistent with the relationship between fracture toughness and strain-
hardening capability. However, fracture toughness decreases approximately linearly with the increasing 
tensile toughness as shown in Figure 13c. 

Figure 13d uses 14YWT as an example, showing temperature-dependent fracture toughness of the 
previously obtained results (heat FCRD-NFA1) [9] and a previous small heat SM10 [13] compared with 
the deduced temperature-dependent strain-hardening exponent of 14YWT (heat FCRD-NFA1). It seems 
that the large heat FCRD-NFA1 follows the same trend as the small heat SM10 in terms of temperature-
dependent fracture toughness, except for the transition temperature (from high to low fracture toughness) 
shifting to a lower temperature. The temperature-dependent strain-hardening exponent of heat FCRD-
NFA1 also follows the same trend as the temperature-dependent fracture toughness, except for the higher 
transition temperature, which suggests a good correlation between fracture toughness and strain-hardening 
exponent.  
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5. SUMMARY

Coupons of alloy 718A were exposed to 1 bar steam with ~10 ppb oxygen content at 600 and 650°C 
for up to 5,000 h. Mass changes of the coupons indicated minor or negligible mass losses at the two 
temperatures, which was evidenced by the optical images of the surface scales. Compared with the 
previously tested alloys, alloy 718A has steam oxidation resistance slightly inferior to alloy X-750 but 
superior to all the other tested alloys. Analysis suggests that increasing aluminum content could 
significantly improve steam oxidation resistance of the alloys, approximately following a power law 
relationship. The good steam oxidation resistance of alloy 718A might have benefited from its high 
aluminum content as shown in Table 1, together with a good Cr, Ni, and Fe content combination. 

Tensile tests were conducted at 23°C up to 800°C for eight alloys, i.e., optimized Grade 92, 14YWT, 
310, 316L, 690, 718A, 725, and X-750. The high-strength alloys X-750, 718A, 725, and 14YWT had the 
highest strength, except for 14YWT having a significant strength reduction with the increasing temperature. 
Low-strength alloys 316L, 310, and 690 had consistent low strengths, while optimized Grade 92 showed 
moderate strengths, together with a moderate strength reduction with the increasing temperature, between 
the high- and low-strength alloys. The alloys with higher strengths generally showed lower plastic 
elongations, with alloy 718A had an abnormal reduction in uniform and total plastic elongations at 800°C. 
Ferritic steels optimized Grade 92 and 14YWT had the lowest plastic elongations at the lower test 
temperatures. 

The tensile properties, including yield strength, effective yield strength, strain-hardening capability, 
strain-hardening exponent, and tensile toughness, were analyzed from each tensile curve of the eight alloys. 
The tensile properties at 300°C were correlated with the previously evaluated fracture toughness of the 
eight alloys at 250–350°C. The results indicate that fracture toughness approximately linearly increases 
with the increasing strain-hardening capability and exponent, while decreases with the increasing yield 
strength, effective yield strength, and tensile toughness. Detailed analysis using 14YWT as an example 
suggests that strain-hardening capability and exponent provide a better correlation with fracture toughness 
than the other three aforementioned tensile properties.  
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