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HT-9, a ferritic-Martensitic steel, has attracted significant interest as a structural and cladding material 
for a variety of high dose nuclear component applications. This study examines the tensile properties 
of a HT-9 fuel assembly duct from the fast flux test facility, FFTF. The duct, from the Advanced Core 
Oxide-3 (ACO-3) irradiation test, was subjected to fast neutron irradiation exposure ranging from 
3 dpa above the core top to nearly 155 dpa near the core mid-plane, spanning a temperature range 
from 382 °C at the lower end to 504 °C at the top. Due to the combination of thermal and neutron flux 
gradients along the core height. This yields a variety of irradiation damage processes which depend 
on core location. Tensile properties of specimens extracted at different positions along the height of 
the irradiated duct were measured at 25 °C, 200 °C and near their in-core irradiation temperature. The 
results show temperature has a greater impact than dose on post-irradiation strength and ductility. 
Two irradiation temperature regimes were determined, below irradiation temperatures of 420 °C 
irradiation hardening increases as irradiation temperature decreases, and above that temperature 
relatively minor changes are observed in tensile properties. These results are discussed in terms of 
expected microstructural changes, indicating that dislocation content is a strong contributor in these 
findings.

HT-9 has been selected as the primary material for use as clad and duct components of a number of advanced 
reactor designs due to its lower swelling and higher thermal conductivity compared to Austenitic stainless steels 
while having sufficient high temperature strength and compatibility with sodium cooled fast reactor coolant. 
HT-9 has also been successfully demonstrated in the experimental sodium cooled fast reactors EBR-II and FFTF 
in the United States1. Although initial results on HT-9 are promising, additional data are needed to provide 
a sufficient database for design of advanced reactor concepts with higher fuel utilization and therefore better 
economics. Of specific interest is the effect of irradiation temperature and dose on mechanical properties as that 
is important to the fuel design basis2.

During the final years of operation of the FFTF, many of the high dose fuel subassemblies, originally made of 
Austenitic stainless steels, were replaced with the ferritic/Martensitic steel, HT-9. One of these fuel subassemblies 
was contained in the ACO-3 duct, which was saved for analysis after FFTF shut down. This duct experienced a 
peak dose of 155 dpa. Material samples from this duct have been the subject of a wide variety of experimental 
studies to characterize the microstructural evolution due to the irradiation exposure3–6 and the influence of 
the irradiation exposure on mechanical properties7–11. In addition to the extensive examination of the ACO-3 
duct material, HT-9 has been and continues to be the subject of many other irradiation studies over the past 30 
plus years due to its superior irradiation damage tolerance combined with its appealing mechanical properties, 
particularly at elevated temperatures.

In the following, the results of tensile mechanical testing of samples from the ACO-3 duct are reported. These 
tensile experiments were performed on samples from a variety of irradiation dose - temperature pairs along the 
height of the ACO-3 duct as well as control specimens from the same alloy heat. These tensile tests were carried 
out at room temperature and 200 °C in all cases, and at tensile test temperatures which approximated the local 
irradiation temperature for the sample position along the length of the duct. Tensile strain-rate sensitivity was 
also examined by varying the strain rate by one order of magnitude during tensile loading at room temperature 
and for one selected condition at elevated temperature.

1Los Alamos National Laboratory, Los Alamos, NM, USA. 2Brookhaven National Laboratory, Upton, NY, USA. 
3University of Illinois Urbana-Champaign, Urbana, IL, USA. 4Pacific Northwest National Laboratory, Richland, WA, 
USA. email: eftink@lanl.gov

OPEN

Scientific Reports |        (2025) 15:43236 1| https://doi.org/10.1038/s41598-025-27323-z

www.nature.com/scientificreports

http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-27323-z&domain=pdf&date_stamp=2025-11-26


Experimental procedures
Materials
Extensive background on the history and irradiation conditions of the ACO-3 duct experiments and HT-9 heat 
can be found in Sencer et al.3. Specimens for tensile testing were EDM-machined from the duct, shown in Fig. 1. 
The measured composition of the duct material is listed in Table 1. Prior to irradiation, the duct received a heat 
treatment of a 30 min hold at 1065 ˚C followed by an air cool, then a 60 min hold at 750 ˚C followed by a final 
air cool4,6. Elemental analysis was performed for the control material which showed some differences as shown 
in Table 1. The control material received the same heat treatment. Samples for tensile testing were removed from 
the duct from locations 5E1, 2E1, 4E1, 6E1, 6E5 and 6E9, with specific dose and irradiation temperature given in 
Table 2. Samples will be referred to by their irradiation temperature and dose in this manuscript.

Sample fabrication
Subsized flat tensile specimens were machined from the duct and control material using electrical discharge 
machining (EDM). Samples, as shown in Fig. 2, were initially profiled into blanks at the full thickness (3 mm) 
of the duct, and then each blank was machined into three samples of roughly 0.75 mm thick. The sample gauge 
width was 1.2 mm and the gauge length was 5 mm. Exact measurements were recorded on each individual 
sample prior to testing. Samples were cut with their axes parallel to the extrusion direction (duct centerline) 
unless otherwise noted.

Testing conditions
Samples were tested on a 30 kN capacity Instron 5567 screw driven load frame located in the LANL CMR 
Wing 9 hot cell facility. The load frame was outfitted with an inert atmosphere furnace operable to 700  °C. 
Samples were loaded using manipulators into a set of ball ended grips in an alignment fixture (Fig. 3). Tests were 
performed at a constant cross head velocity of 0.15 mm/minute corresponding to a nominal engineering strain 
rate of 5 × 10− 4/sec. Load/displacement data were converted to engineering stress/strain data using the initial 
measured specimen dimensions. The compliance from the test system was mathematically removed from each 
curve. Elevated temperature tests took place under an ultra-high purity argon flush. Additional strain rate jump 
tests were performed with rates of 1 × 10− 3 and 1 × 10− 4 s− 1. Test conditions are presented in Table 3.

Sample ID 6E9 6E5 6E1 5E1 4E1 2E1

Dose (dpa) 22 42 110 147 93 3

Irradiation Temperature (°C) 382 399 416 441 466 504

Table 2.  Dose and irradiation temperature for tensile test samples.

 

Alloy Cr C Si Mn W V Mo Ni P N S Cu Al

Reported 11.8 0.21 0.21 0.050 0.52 0.33 1.03 0.51 0.008 0.01 0.003 - -

Measured (control material) 12.3 0.198 0.24 0.49 0.49 0.28 1.07 0.61 0.012 0.005 0.001 0.063 0.022

Table 1.  HT-9 composition (wt%) ACO-3 duct as-originally reported and the control material measured by 
Luvak Inc.

 

Fig. 1.  (a) ACO-3 Duct Schematic. (b) Dose and temperature with respect to position. Position is relative to 
core midplane.
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Control 6E9 6E5 6E1 5E1 4E1 2E1

Tensile Test Temperature (°C) 382 °C,
22 dpa

399 °C,
42 dpa

416 °C,
110 dpa

441 °C,
147 dpa

466 °C,
93 dpa

504 °C,
3 dpa

25 4† + 2* 2 + 2* 2 + 2* 2 + 2* 2 + 2* 2 + 2* 2 + 2*

200 4† 2 2 2 2 2 2

350 1 + 2* 2 + 2*

400 2† 2 2

450 3† 2 2

500 3† 2

Table 3.  Tensile test conditions. † Indicates tensile test from specimens taken parallel and perpendicular to the 
AC0-3 duct length and extrusion direction. *jump rate tests with deformation rates varying between 1 × 10− 4/
sec to 1 × 10− 3/sec..

 

Fig. 3.  Ball End Grips including tensile sample.

 

Fig. 2.  ACO-3 Duct Subsize Tensile Specimen geometry, units in inches.
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Results
Tensile behavior
Figure 4 shows the results for the control specimens as a function of testing temperature. The general tensile 
behavior indicates a drop in yield strength with temperature gradually from a high of 592  MPa at room 
temperature to 450 MPa for samples tested at 500 °C. Uniform elongation drops steadily with temperature from 
8.75% at room temperature to 4.15% at 500 °C. Total elongation drops with temperature up to 450 °C. At 500 °C, 
it begins to increase.

Figure 5 displays the engineering stress-strain curves for tests on the irradiated samples aligned with the 
extrusion direction of the duct. Each extraction location, corresponding to a distinct irradiation dose and 
temperature, is represented in Fig. 5. Each irradiation condition had samples tested at three different temperatures 
as indicated in the plots. As the irradiation temperature decreased, irradiation hardening increased, with 
increases in yield strength and ultimate tensile strength, decrease in work hardening and a decrease in uniform 
and total elongation despite differences in dose levels. The averages of the tensile properties measurements from 
two or more tests are provided in Table 4.

Tensile rate jump behavior
In addition to the tensile tests performed at a fixed extension rate of 5 × 10− 4 s− 1, rate jump experiments were 
performed at rates of 1 × 10− 4 and 1 × 10− 3 s− 1 to provide information on the strain rate sensitivity of the irradiated 
samples. The irradiated samples were from each of the six locations from the ACO-3 duct. The summary of all 
the data can be seen in Fig. 6. Sample to sample variation and small differences in compliance prevents the 
direct overlay of data, but the general trends are consistent. The irradiated material at room temperature appears 
to have strain rate sensitivity, m, between 0.0045 and 0.0081. The strain rate sensitivity value increased with 
increasing irradiation temperature.

Rate jump experiments were performed at 350 °C for samples from the material irradiated at 382 °C to 22 
dpa and an unirradiated control specimen out of the INL heat of HT-9. Information on the control material 
heat can be found in Maloy et al.12. The purpose of the tests at this temperature were to view whether there 
was inverse strain rate sensitivity via the Portevin-Le Chatelier (PLC) effect. Elevated temperature tests can 
display the PLC effect due to increased strain rates providing activation energy for dislocations to break free of 
solute clustering. Results of these experiments are presented in Fig. 7. For the irradiated sample there is some 
indication of serrations in the stress-strain curve at 10− 4 s− 1, these are on the order of 0.5 MPa. For the INL heat 
HT-9 that had not been irradiated, serrations were also observed on the order of 0.5 MPa only at 10− 4 s− 1 in the 
stress-strain curve. The strain rate sensitivity for the irradiated specimen tested at 350 °C was − 0.0010.

Discussion
General tensile response
Irradiation dose and temperature result in changes to the mechanical behavior of this alloy. Figure  8 shows 
yield strength, ultimate tensile strength, uniform elongation and total elongation as a function of irradiation 
temperature. Figure 9 shows the impact of irradiation dose on these same properties. From the results it appears 
irradiation temperature has an impact on mechanical properties while the irradiation dose does not have as 
significant of an impact in these irradiation conditions. The relationship of these properties to the irradiation-

Fig. 4.  Stress-strain curves for control samples, tested at various temperatures. Tests performed with samples 
oriented in the extrusion direction in black and samples oriented perpendicular in blue.
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Condition Ttest YS (MPa) UTS (MPa) ε uniform (%) ε total (%)

6 E 9 RT 1032 1072 2.1 10.0

382 °C, 22 dpa 200 912 940 1.5 9.4

350 874 893 1.3 8.0

6 E 5 RT 974 1034 2.3 10.1

399 °C, 42 dpa 200 901 937 1.7 9.7

400 799 840 1.4 8.8

6 E 1 RT 879 969 3.2 11.4

416 °C, 110 dpa 200 774 853 2.4 7.8

400 702 770 2.3 8.7

5 E 1 RT 665 847 7.2 16.6

441 °C, 147 dpa 200 605 736 5.4 13.4

450 514 618 4.9 13.7

4 E 1 RT 558 808 8.3 17.7

466 °C, 93 dpa 200 487 685 6.9 15.1

450 400 549 5.6 15.5

2 E 1 RT 629 805 5.5 13.9

504 °C, 3 dpa 200 552 699 4.6 12.7

500 439 509 2.7 18.9

Control RT 551 706 6.8 17.6

200 528 665 5.1 15.1

350 528 665 5.1 15.1

400 517 648 4.6 13.3

450 488 603 4.2 15.2

500 458 544 4.1 22.8

Table 4.  Measured averaged tensile properties.

 

Fig. 5.  Engineering stress-strain curves for irradiated material. Irradiation dose and temperature listed at the 
top of each graph. Tensile test temperature indicated for each plot.
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induced microstructural changes will be discussed further below. There are a few observations that can be made 
based on the tensile data:

	1.	 Yield strength and ultimate tensile strength increase with decreasing irradiation temperatures below 420 °C. 
For uniform and total elongation, both decrease with decreasing irradiation temperature below 466 °C.

	2.	 The mechanical properties dependence on irradiation dose is far less dramatic than of irradiation temper-
atures, highlighted by the lowest irradiation temperature of 382 °C at 22 dpa having a 55% higher strength 
than the sample irradiated at 441 °C to 147 dpa.

	3.	 For all conditions irradiated above 440 °C, tensile yield and ultimate strengths were similar in value, but 
slightly lower, to the unirradiated control material.

	4.	 These trends were similarly observed for the different tensile test temperatures, from 25 °C to tests performed 
approximately at the irradiation temperature.

These trends in tensile strength are consistent with a previous study of shear punch tested samples irradiated 
in BOR-60 of the same heat of HT-913. An irradiation temperature of 430 °C still showed significant hardening 
while the shear punch results were nearly the same as the control material at irradiation temperatures of 460 °C 
and 520 °C. Consistent again, Lechtenberg analyzed data on ferritic steels irradiated in EBR-II and HFIR reactors 
and found irradiation hardening starts to decrease above around 400 °C with strength near the control material 

Fig. 7.  Rate jump experiments performed at 350 °C on the 382 °C 22 dpa sample and an unirradiated HT-9 
sample of a different heat designated INL heat. (b) and (c) close-up views of the strain rate jump tests for the 
control (INL heat) and sample irradiated at 382 °C to 22 dpa.

 

Fig. 6.  Rate jump experiments performed at room temperature on irradiated ACO-3 samples.
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at an irradiation temperature around 500 °C14. That study, however, did not have results between 100 °C and 400 
°C to also compare.

Role of irradiation-induced microstructure
The tensile testing results presented show a connection between irradiation temperature and the strength and 
elongation. Correlating to microstructure from previous studies is instructive to understand why. The primary 
feature types that change during irradiation are the dislocations and precipitates, which will be described. This 
section will first describe estimated strengthening from the dispersed barrier hardening model (DBH) separately 
for precipitates and dislocations. Then some specific considerations based on precipitate spatial distribution 
and dislocation character which are not considered in a DBH analysis. Strengthening is primarily expected 
from changes to dislocation content while there is a secondary contribution from precipitates. Each of these 
contributions is dependent on irradiation temperature.

Extensive studies have been performed characterizing the microstructure of the neutron irradiated ACO-
3 duct material and other neutron irradiated samples of HT-93,4,15–17. Some representative microstructural 
quantifications of the ACO-3 duct material from previous studies are shown in Table 5. The data presented in 
Table 5 is a compilation of representative microstructural data from the studies referenced above. Microstructural 
data are available for only limited exposure conditions for the material conditions in the present study.

These data are useful regarding their influence as potential strengthening mechanisms resulting in the 
observed tensile behavior. It is understood that irradiation induced features including dislocation loops and 
precipitates contribute to strengthening of the material by acting as barriers to dislocation slip, typically 
quantified in a dispersed barrier hardening (DBH) model18–21. Other strengthening factors in HT-9 are relatively 

Fig. 8.  (a) Yield stress, (b) ultimate tensile strength, (c) uniform elongation, and (d) total elongation vs. 
irradiation temperature. Tensile test temperature indicated by symbol.
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constant before and after irradiation, including the hierarchical grain structure including laths organized into 
packets into prior austenite grains, and solid solution strengthening. The DBH model has shown good agreement 
in irradiated metals and is the predominant mechanism used for calculating strengthening due to irradiation 
induced defects.

For this alloy system, there are two notable precipitate types that form during irradiation, the G and α’ 
phases. The α’ phase is a Cr-rich Fe-Cr phase that forms in the lower irradiation temperatures in this study4,20, 
with nearly the same lattice parameter and a higher elastic modulus that will increase dislocation line energy 
compared to the ferrite matrix. It is typically considered to have a relatively small influence on strengthening, 
but in sufficiently high number densities, its effect is notable. The G phase, a Mn-Ni-Si rich phase, is another 
commonly observed precipitate and found over a similar temperature range as the α’ phase in the present 
studies. The G phase precipitates have been observed to be heterogeneously distributed, with preference to lath 
boundaries4,20, which will also decrease the strengthening effect compared to DBH model predictions. It has a 

Condition* Dose (dpa) Tirr (°C)
Precipitate Type
[d (nm)/N (m− 3)] M23C6 Fraction (%)*

Dislocation Loops
[d (nm)/N (m− 3)] Line Dislocation (m− 2)† Void Swelling (%)

[Control] ~ 4.1 4.5 × 1014

6A1 [6E9] 15–28 370–384 α’: 7.8/7.2 × 1022

G: 11.3/9.3 × 1021 ~ 3.1 14/9.3 × 1020 15 × 1014 0.02

[6E5] 42 399 - ~ 3.5 -

6A5 [6E1] 100–115 410–420 α’: 8.8/1.3 × 1022

G: 16/3.2 × 1021 ~ 31.−3.5 - 7.5 × 1014 0.02

5A1 [5E1] 150–155 440–450 α’: 9.6/1.1 × 1021

G: 26.5/1.1 × 1021 ~ 3.7 18/5 × 1020 4.5 × 1014 0.3

4A1 [4E1] 92–110 466–470 N/O ~ 3.9–5.2 N/O 0.03

[2E1] 2 504 N/O ~ 4.8–6.4 N/O 4.5 × 1014

Table 5.  Representative microstructural features of the ACO-3 duct at various locations HT-9 heat 84,4253–6. 
*[conditions] taken from sample locations in this study, ranges due to differences in x-ray and EFTEM values. 
† Taken from synchrotron measurements of total dislocation densities6..

 

Fig. 9.  (a) Yield stress, (b) ultimate tensile strength, (c) uniform elongation, and (d) total elongation vs. 
irradiation dose. Tensile test temperature indicated by symbol.
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FCC crystal structure and significantly larger lattice parameter than the ferritic matrix. It also appears to have a 
relatively weak effect on barrier strengthening20. The introduction of these two phases will cause strengthening 
and can be represented in the DBH model with uniform spatial distribution of obstacles in the matrix as follows:

	 ∆ σ p = α pMµ b
√

Npdp = α
α ′ Mµ b

√
Nα ′ dα ′ + α GMµ b

√
NGdG

Dislocation content changes with irradiation, including the introduction of dislocation loops at the irradiation 
temperatures up to 450 °C. An increase is also observed in lattice dislocation density at irradiation temperatures 
of 375 and 415  °C. The loop structures are retained to higher doses for conditions at the lower irradiation 
temperatures. No dislocation loops or changes to the lattice dislocation content were observed at irradiation 
temperatures of 470 and 504 °C. The overall contribution of the dislocation loop and line content in the DBH 
uniform spatial distribution of obstacles in the matrix is formulated as:

	 ∆ σ ρ = α loopsMµ b
√

Nloopsdloops + α linesMµ b
√

ρ lines

Taken together, the full impact on yield strength can be expressed several ways with somewhat similar results: by 
a linear sum, root sum of squares, or root sum square of weak and strong obstacles separated21. The quantitative 
result depends on the (i) the value of α which will vary based on how it was determined and (ii) accurate 
microstructural quantification. Below is the linear summation of the various microstructure-based hardening 
effects added to the innate materials yield strength, σ0:

	 σ ys = σ 0 + ∆ σ α ′ + ∆ σ G + ∆ σ loops + ∆ σ lines

In these relationships, previous studies have proposed the following constants: M, T, and Y. M, the Taylor 
constant is typically taken to be 3; µ, the shear modulus, is 86.95 GPa; b, the Burger’s vector, is 0.24466 nm. The 
suggested strength factors, α, are typically reduced from fitting analysis with typical values of αα’ ~ 0.1, αG ~ 0.15, 
αloops ~ 0.1 and αlines ~ 0.3. The choice of αlines ~ 0.3 is typical derived from an alloy condition where most or all 
of the strengthening is derived solely from the dislocation contribution. In this case, the 2E1 condition at 2 dpa 
and 501 °C is the best selection for fitting. In this case, αlines ~ 0.6, is more appropriate. It should be noted that 
the dislocation densities (see Table 5) were derived from neutron or synchrotron scattering experiments using 
a line broadening technique. This approach includes all scattering contributions regardless of the state of the 
dislocation mobility, that is, entwined in lath or PAG boundaries or as mobile dislocation structures.

The relative contributions from the various strengthening mechanisms are shown in Table 6; note that some 
microstructural data are not available for certain irradiation conditions (see Table  5). The values are shown 
visually in the chart in Fig. 10. From the DBH analysis, strength is mostly from lattice dislocations. At the 375 °C 
irradiation temperature there is also a significant component from alpha prime and G-phase precipitates.

It has been proposed20 that the irradiation-induced strengthening is largely, nearly totally, due to the 
dislocation density since the correlation between the square root of the dislocation density, Δσ α √, correlates 
to a very high degree with the measured yield strengths. Further support for this conclusion is provided in a 
recent 3D microstructural analysis20 which shows that the major concentrations of carbides, α’ and G phases 
are not uniformly distributed in the matrix, but rather distributed to a high degree in lath and other boundaries. 
Co-location of the irradiation induced precipitates at grain and lath boundaries that are existing barriers to 
dislocations will limit their impact on yield strength from plastic deformation occurring in the lath interiors. 
Plastic deformation occurring along the lath or prior austenite grain boundaries would be impacted by the 
precipitates distributed preferentially on the boundaries. It is unknown the exact impact of the precipitates on 
the yield strength.

Other observations stem from the differences in the yield strength of the irradiated material compared to 
the unirradiated control material. The 2E1 2 dpa at 504 °C condition, the 5E1 147 dpa at 441 °C and the control 
condition have similar dislocation densities, but the control condition has a considerably lower yield strength. 
This is likely due to differences in the mobile versus fixed dislocation fractions. A previous neutron and x-ray 
diffraction study show5 that there is a notable change in the dislocation nature due to irradiation which results 
in a large edge dislocation fraction at lower irradiation temperatures. This is a transformation from a nearly 
total screw dislocation population in the control conditions. This provides evidence that substantial dislocation 

Irradiation Temperature (°C) Irradiation Dose (DPA)

Strengthening (MPa)

Alpha prime G phase Dislocation loops Lattice dislocations Total

375 20 151 98 23 742 1014

399 42 - - - -

415 110 68 69 - 524 664

446 150 21 52 19 406 406

470 100 - - - -

504 2 - - - 406 406

Table 6.  Individual strengthening components for irradiation induced features and lattice dislocations. Last 
row indicates lattice dislocation component of non-irradiated HT-9.
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restructuring takes place during irradiation. Thus, it is not surprising that despite nearly equivalent dislocation 
populations, the control specimen has distinctly different and lower yield properties. This lower level of pre-
irradiation yield strength has been attributed to the relatively high temperature tempering treatment of the 
material for the ACO-3 duct material.

The irradiation condition 4E1, 93 dpa at 466 °C shows a notable degree of softening compared to either 
the control condition or the 2E1, 2 dpa at 504 °C condition despite exposure to a high irradiation dose. This 
condition is at a sufficiently high temperature that neither the α’ or the G phases are found and any initial 
dislocation loop development would have grown into line segments at this temperature. Some indication of 
small amounts of void formation are reported. The only observable features relating to strengthening, again 
measured by neutron and x-ray scattering techniques, are the dislocation density and M23C6 fraction. The 
dislocation density is at a lower level than any of the other conditions, including the control condition in this 
study, indicating that substantial amounts of dislocation recovery has taken place. The carbide fraction is nearly 
the same as the original carbide fractions, however, possibly with a different distribution which could impact the 
yield strength by either increasing or decreasing depending on the how the distribution changed. Taken together, 
these two factors could account for the relatively low yield strength of that particular irradiation condition.

Finally, while the irradiation temperature appears to be much more important to material irradiation 
response than the dose level, the correlation between the dislocation structures and the yield properties indicate 
that the irradiation doses, even at marginal levels do play an important role restructuring the dislocation types 
and arrangements. Due to the large differences in total doses, it also appears that this restructuring is stable once 
formed despite very high atomic displacement levels in some cases.

Rate jump test response and strain rate sensitivity
Rate jump experiments were performed at room temperature for all locations from the irradiated duct by 
varying the strain rates between 1 × 10− 4s− 1 and 1 × 10− 3s− 1. Elevated temperature tests took place at 350 °C on 
irradiated material from location 6E9 with a dose of 22 dpa at 382 °C. Rate sensitivity was calculated in all cases. 
The sensitivity varied with irradiation condition, but the differences were not extreme. There was negative rate 
sensitivity in the 350 °C tests in addition to serrations in the stress-strain curves at 10− 4 s1, suggesting PLC, but 
further work must be done to explore this effect more clearly.

Strain rate sensitivity, m, was calculated for each sample based on the formula22:

Fig. 10.  Strengthening contributions of dislocations and precipitates at the different irradiation temperatures 
calculated from a DBH approach.
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m = log

(
σ 1

σ 2

)
/log

( ˙ε 2

˙ε 1

)

With έ1 and έ2 being the slower (1 × 10−4s−1) and faster (1 × 10‐3s−1) strain rates, respectively, and σ1 and σ2 being 
the stresses measured just before and after the strain rate jump.

Table 7 shows the calculated strain rate sensitivity for the rate jump experiments performed. Values for m 
have an error of roughly +/- 0.0005 for room temperature tests, based on consistency between tests and in 
different jumps in the same experiment. The elevated temperature experiments have more uncertainty due to 
larger time for the tests to equilibrate between rate jumps.

Based on the observation that the irradiation-induced dislocation structure and dislocation type evolution is 
the most important component of the irradiation strengthening, it is possible to assess the role of the dislocation 
structure on the observed rate jump behavior. It is well established23,24 that the movement of the screw component 
of the dislocation population is the rate controlling factor in deformation in bcc metals and alloys. As noted, 
neutron scattering observations have been presented to show that the screw component in the various ACO-
3 locations is directly affected by the irradiation exposure. At the lowest irradiation temperature, the screw 
component is only about 45% of the total, despite the control material having around 95% screw component. 
The high level of screw component in the control has been attributed to the post-extrusion heat treatment which 
was performed at a sufficiently high temperature to allow edge components to climb out of the structure. The 
irradiation-induced dislocation imparts a strong addition to the edge population at lower temperatures, but 
likely due to thermal effects, the screw population component grows as a fraction of the total as the irradiation 
temperature increases.

The rate controlling mechanism based on the screw dislocation segments is related to the thermally-
activated generation of edge kinks on the screw dislocation lines. These edge kinks can travel quickly once 
formed accounting for the movement of the screw segments. Thus, the partition between the edge and screw 
components should help to account for the differences observed in the strain rate sensitivity constant, m, in 
the jump rate tests (see Table 7). The screw dislocation fractions for these particular ACO-3 duct irradiation 
conditions, measured using neutron diffraction techniques5 can be compared with the observed m values as 
shown in Fig. 11.

It should be noted that the strain rate sensitivity data are for conditions just past yield while the screw 
dislocation measurements were made on undeformed specimens. Nevertheless, since the measurements were 
made near the yield point at room temperature, the fractions of the two dislocation components should be 
representative of the structures at small plastic strains. It is notable that the lowest strain rate sensitivity is 
associated with the largest fraction of edge dislocations in the structure. This would be expected due to the easier 
mobility of the edge components. At the highest irradiation temperature, the screw component is nearly 100% of 
the total, again correlating with the highest strain rate sensitivity.

The set of elevated temperature, 350 °C, strain rate sensitivity tests was performed on the ACO-3 duct material 
irradiated to 22 dpa at 382 °C. As noted above, the screw dislocation fraction was 45%. The negative value is 
an indication of the PLC effect where clouds of free interstitials require a higher stress to release dislocations 
for slip and, depending on temperature and strain rate, intermittently follow and re-pin the dislocations during 
the slip process. Similar negative strain rate sensitivity constants due to dynamic strain aging (DSA) have been 
observed in HT-925 and in 9Cr-1Mo F/M alloys26,27. The results presented here are consistent with the study by 
Sarkar et al. The amplitude of the serrations in the stress-strain curves are an order of magnitude smaller in this 
study, possibly due to either unknown differences in material or experimental uncertainty that could include 
insufficiently small acquisition time between stress and strain measurements. For the 9Cr-1Mo alloys, DSA is 
observed in a temperature range between about 200 °C to 350 °C at strain rates between 5 × 10− 6/s to 10− 3/s, 
depending on the range of experimental conditions in those studies. The conditions in the present work are at 
the upper end of the temperature range and within the bounds of the strain ranges indicating a comparable DSA 
process to the 9Cr-1Mo system.

Recent detailed dislocation dynamics experimental studies in Fe-based alloy systems provide some direct 
insights into DSA processes in the Fe-Cr system. In all cases, the mobility of the screw dislocations are the 
rate controlling feature. For the Fe-Cr system with even modest amounts of carbon, the results show that Cr-C 
complexes tend to remove carbon as an active free interstitial element leaving diffusion of excess, substitutional 
Cr as the likely interacting element which would restrict DSA interactions to higher temperatures due to the 
much higher diffusion activation energy of Cr, also consistent with the Leslie’s proposed mechanism28. The 
alternative to either carbon or chromium is the interaction with nitrogen, which is the proposed DSA mechanism 

ACO-3 Duct Location Dose (dpa) Tirr (°C) Ttest(°C) m

6 E 9 22 382 25 0.0045

6 E 5 42 399 25 0.0047

6 E 1 110 416 25 0.0053

5 E 1 147 441 25 0.0070

4 E 1 93 466 25 0.0063

2 E 1 3 504 25 0.0081

6 E 9 22 382 350 −0.0010

Table 7.  Strain rate sensitivity (m) for all rate jump tests.
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supported by Verma et al.29 which they found consistent with earlier studies. Verma et al. report an activation 
energy for the diffusion of nitrogen at 58 kJ/mole, which is lower than typical values for carbon at ~ 84 kJ/mol 
and much lower than the activation energy for the diffusion of chromium at ~ 250 kJ/mol. Recent studies on the 
role of nitrogen in the evolution of radiation damage in F/M alloys30,31 indicates that nitrogen plays a very active 
role in the development, and presumably, the movement, of dislocation structures in F/M alloys, though there is 
no direct evidence in the present study.

Post yield hardening response
There are a variety of modeling approaches to represent post-yield strain hardening in alloys. Here, the modified 
Johnson-Cook (MJC) approach is employed to characterize the initial portion of the post-yield hardening 
process and to model the influence of strain rate effects on the jump rate tests. The general form of the MJC 
model is given as:

	 σ =
(
A + Bε − Cε 2)

(1 + Dlnε̇ )

where A, B, C and D are constants. A is typically proportional to the yield strength value, B and C represent 
the linear post yield hardening and D, the influence of strain rate). Note that a C represents a parabolic strain 
hardening superposed on a linear post-yield slope. Values for these constants were determined by the best fit to 
the measured tensile curves are provided in Tables 8 and 9.

The fitting results are based on the best fit to each condition. This accounts for the variation in the B, C and 
D constants. This approach is perhaps more useful for design considerations since the post-yield deformation is 
characterized as a best fit. Overall, the appropriateness of a post-yield hardening slope, A, which provides a linear 
strengthening contributions, modified by a negative parabolic contribution to account for the strengthening, 
and an additional modification, D, to account for strain rate sensitivity provide excellent characterization of the 
experimental post-yield tensile curves.

Summary
This work presents an extensive series of quasi-static tensile tests on irradiated HT-9 material, representing a 
variety of temperature and dose conditions across the ACO-3 duct irradiated in a fast neutron environment in 
the FFTF reactor. Data for yield strength, ultimate tensile strength, uniform elongation, and total elongation 

Fig. 11.  Correlation between the strain rate sensitivity constant, m, and the screw dislocation fraction as a 
function of ACO-3 irradiation condition. Linear fit shown as dashed line.
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are presented for both control and irradiated material at a variety of testing temperatures.   Tensile rate-jump 
tests were performed as well, allowing for calculation of a rate sensitivity parameter, m for various irradiation 
conditions. The following are key results from this study:

•	 Yield strength and elongation correlate with irradiation temperature, rather than dose. Yield strength increas-
es with decreasing irradiation temperature between 416 and 382 °C. Uniform and total elongation decrease 
with decreasing irradiation temperature at and below 466 °C. While at higher irradiation temperatures yield 
strength is comparable to that of the control samples.

•	 Strain-rate sensitivity correlates with percentage of screw dislocations.
•	 Modified Johnson-Cook post yielding hardening model parameters were determined for each of the test 

curves. 

  

Data availability
Data is available upon request. Contact Tarik Saleh at the following email address tsaleh@lanl.gov.
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Tirr (°C) Ttest (°C) A B C D

6E9 382 20 517 1023 79,281 0.0025

6E5 399 25 813 12,573 111,516 0.0033

6E1 416 25 721 2637 2054 0.0016

5E1 441 25 667 2338 1405 0.0032

4E1 466 25 488 7288 30,239 0.0027*

2E1 504 25 498 8335 47,226 0.0035

Table 9.  Modified Johnson-Cook (MJC) parameters determined by best fit, from strain rate jump tests in 
order to obtain parameter D. *Average of two tests.

 

Tirr (°C) Ttest (°C) A B C

Control 20 517 7891 44,321

200 537 6248 42,898

350 489 8089 78,453

400 486 7593 72,938

450 459 6913 65,674

500 428 5857 57,725

6E9 382 20 963 9512 167,538

200 823 12,984 315,973

350 779 12,134 281,895

6E5 399 25 923 8780 134,961

200 835 10,253 212,229

400 683 15,398 332,609

6E1 416 25 809 8987 99,921

200 654 12,936 164,847

400 541 13,846 195,168

5E1 441 25 614 7592 48,901

200 563 7187 60,874

450 481 6290 58,277

4E1 466 25 515 8525 50,528

200 455 7676 52,500

450 379 7279 62,949

2E1 504 25 574 9623 83,805

200 464 10,712 107,541

500 404 6239 75,101

Table 8.  Modified Johnson-Cook (MJC) parameters determined by best fit, based on tensile tests.
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