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ABSTRACT 

To support a multi-laboratory Methodology, Evaluation, Testing, and Analysis (M.E.T.A.) cladding 

properties database, Oak Ridge National Laboratory’s (ORNL’s) cladding mechanical test geometries 

were manufactured from several nuclear-relevant cladding alloys and subsequently tested. These 

geometries were developed as mechanical test specimens to evaluate the properties of tube materials that 

may be used for irradiation testing at ORNL’s High Flux Isotope Reactor. They may also be used as test 

articles to be harvested—via in-cell machining—from commercially irradiated fuel rods and later tested. 

This report explores the differences among axial, hoop, and SSJ tensile geometries with partially 

recrystallized Zircaloy-2 to test ORNL correlation-based methods on a plate material that approximates, 

to the greatest extent possible, the characteristics of nuclear industry tubing. Furthermore, several tests 

were conducted with ORNL’s Zircaloy-4 tube inventory to (1) develop material properties as a standard 

for future tests, (2) determine the effect of the US Department of Energy’s Advanced Fuels Campaign 

coating processes on tube mechanical properties, and (3) evaluate the effect of specimen machining 

methods on the mechanical properties of tube geometries. 

1. INTRODUCTION 

1.1 AXIAL TENSION AND RING TENSION MECHANICAL PROPERTY CORRELATIONS 

As the first barrier against nuclear fuel release, the mechanical integrity of nuclear cladding tubes is 

crucial for maintaining coolable geometries in a reactor and for avoiding rupture during long-term 

storage. Therefore, the mechanical properties of the tubes are important measures for quantifying 

manufacturing process quality, determining degradation effects from reactor environments, and 

evaluating safety margins for extended-life use or storage after they are removed from the reactor. Many 

methods exist for measuring the mechanical performance of nuclear tubes, such as ring compression 

testing [1, 2, 3, 4, 5], burst testing [4, 6, 7, 8, 9, 10], tube bending [11], and so on. Unfortunately, many of 

these methods test the tubing as a complicated structure, making mechanical property information 

difficult to obtain through strain gradients or complex loading paths [2, 4]; require precise measurement 

techniques that are difficult to implement in hot cell environments [6, 8]; or consume large amounts of 

valuable irradiated material [8, 11]. As a result, when characterizing the mechanical properties of a tube 

component, many researchers have machined tensile gauges in the axial or hoop directions [12, 13, 14, 

15, 16] to perform a more conventional mechanical test to obtain the mechanical properties of the tube in 

its principal coordinates.  

 

Although these specimen geometries can be leveraged to load the specimens primarily in the axial or 

hoop directions, the ring-type tensile geometries present many challenges that contaminate the 

mechanical properties that may be obtained. For instance, depending on the orientation of the ring tensile 

gauge relative to the loading mandrel, strain gradients may arise across the wall thickness or gauge length 

due to bending stresses or plastic hinge formation [17, 12, 18]. In some configurations, plastic hinges and 

bending stresses can saturate once the tensile specimen straightens, which leads to a complex load path on 

the specimen that is difficult to remove its bias on mechanical test data, especially in a hot cell 

environment. Furthermore, because the mandrels are loaded along the inside surface of the specimen, 

frictional forces bias the stress measurements to higher values, and specimens with longer gauge lengths 

often produce necks at two locations [13, 16], making it difficult to relate measured elongation from a 

mechanical test to real specimen elongation. To overcome these challenges, Oak Ridge National 

Laboratory developed millimeter-scale axial tension test (ATT) and ring tension test (RTT) specimens 

that minimize strain gradients across the specimen gauge [18] and consume less material than previous 

test methods did. Moreover, using an empirical strategy that correlates mechanical test specimen 
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engineering properties to more conventional tensile geometries, the mechanical properties in the hoop and 

axial directions can be measured in the hot cell. 

 

Despite the successes of the mechanical test methodology, some challenges remain in establishing the 

testing techniques for wider use. For instance, the data used to correlate mechanical properties between 

specimen types in Gussev et al. [16] were taken from iron- or aluminum-based alloys that are dissimilar to 

the anisotropic, textured zirconium-based alloys used in the nuclear industry—except for one Zircadyne 

material tested. To further focus the approach employed by Gussev et al. on nuclear materials, work 

documented in this FY report included the testing of recrystallized, rolled Zircaloy-4 plate, which is a 

closer analog to industry nuclear claddings, to add that material to the current dataset. Moreover, the new 

shorter gauge length RTT specimen was developed in the time after that paper’s release. Therefore, data 

that correlate the properties obtained with this new geometry were collected to supplement the previous 

datasets that quantify geometry-related effects on engineering mechanical properties.  

1.2 AXIAL TENSION AND RING TENSION MECHANICAL PROPERTY DATABASE 

The US Department of Energy’s Advanced Fuels Campaign (AFC) is pursuing accident-tolerant fuel 

materials to increase the “coping time” in the event of a loss-of-coolant accident scenario [19, 20]. One of 

the main materials pursued by industry and the AFC is chromium-coated zirconium alloys because of 

their increased oxidation resistance. To facilitate these new materials’ penetration into industry, they must 

first be shown to improve or do no harm in other aspects of nuclear safety. As a result, the mechanical 

properties of the as-received (AR) and coated materials must be obtained and understood to determine the 

effect of the coatings on the mechanical performance of the tubes. Furthermore, once these tests have 

been completed, the results of the mechanical tests must be organized and accessible to other researchers 

so that mechanical property information can be traced to causal manufacturing as well as environmental 

or test setup parameters. To that end, ATTs and RTTs were performed with AFC Zircaloy-4 and cold-

spray and HiPIMS chromium-coated cladding tubes to determine the effect of the various coating 

methods on mechanical performance. Furthermore, these results are being uploaded to the AFC Materials 

Database, a database system in which test mechanical properties and metadata—such as test date, 

temperature, manufacturing information, specimen type, and so on—can be accessed by present and 

future users.  

 

2. MATERIALS AND TESTING 

ATT and RTT specimen geometries, as shown in Figure 1a and Figure 1b, respectively, were machined 

from fully recrystallized Zircaloy-2 plate from American Elements, with their tensile directions in the 

transverse and rolling directions. This tensile machining scheme is shown in Figure 2. Based on machine 

shop needs and costs, the tubes and specimen geometries were machined from the 1 cm thick plate via 

electrical discharge machining (EDM), except for the RTT specimens, which were EDMed to ring axial 

length, and the tensile gauge was end-milled. Tests were performed at room temperature and at 300°C on 

an Instron 5966 electromechanical test system with a strain rate of ~1E−3 s−1. RTTs were performed with 

the gauge in the 12 o’clock position along the mandrel, as shown in Figure 1c. Boron nitride was sprayed 

on the mandrel to reduce friction between the mandrel and the RTT specimens. 
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ATT and RTT specimens were also 

machined from ORNL’s Zircaloy-4 cladding 

tube inventory and from cold-sprayed and 

HiPIMS-coated Zircaloy-4 tubing via EDM 

and via a computer numerical control (CNC) 

machine with a carbide end mill. This setup 

was used to obtain the coating materials’ 

mechanical property information and to 

compare the sensitivities of the machining 

method used to manufacture the specimens. 

The Zircaloy-4 material was found to have 

divots on the outside surface that hindered 

coating adherence [20], so the Zircaloy-4 

was hand-polished prior to coating. As a 

result, select tests were also performed with 

hand-polished uncoated tubes as well. More 

information on the Zircaloy-4 material can be 

found in Garrison et al. [21], and the coating 

methodologies can be found in Graening et 

al. [20]. Tests were performed at room 

temperature and at 300°C on an Instron 5966 

electromechanical test system or on an MTS 

electromechanical system, based on system 

availability. Strain rates were kept the same 

as the zirconium plate tests’ strain rate. 

Digital image correlation was used to measure surface strains on select ATT and RTT specimens. 

Because the ring gauge was oriented toward the top of the mandrel, a prism was used, acting as a mirror 

so that the camera could capture the projection of the gauge surface. When DIC was implemented for 

RTTs, the inside surface of the specimens was sprayed with Boron nitride lubrication instead of spraying 

the mandrel; this was done to avoid spraying the prism with the lubricant. 

 

Figure 1. Specimen drawings of a) the ATT specimen and b) RTT specimen used in this work with c) a 

schematic showing the load configuration of the fixture used to load RTT specimens. 

Figure 2. Machining schema for the ATT, RTT, and SSJ3 

specimens that were manufactured out of Zircaloy-4 plate. 
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The linear portion of the mechanical test curves depends on fixture compliance, machine compliance, and 

in the case of ATT specimens, the setting of the shoulders due to the shoulder loading configuration. To 

account for this variance in the linear portion of the mechanical tests, careful calibration would be 

required for all machines used for testing, or the crosshead displacement should be replaced by direct 

strain measurement using an extensometer. Unfortunately, these careful calibration procedures cannot be 

maintained in the hot cell, nor can the limited-dexterity hot cell manipulators reliably apply 

extensometers, especially to millimeter-scale mechanical test specimens. Moreover, requiring these 

calibration procedures to compare data collected across institutions would be costly. Because of this 

system-to-system sensitivity, the linear portions of the curves were removed from the data, so that plastic 

strain could be calculated from the crosshead displacement. As a result, all strains in this work are 

reported as plastic strains, which should be a more reproducible strain measurement between out-of-hot-

cell and in-hot-cell systems—and these findings should also be directly comparable to results measured at 

other institutions for the same material.  

 

3. RESULTS AND DISCUSSION 

3.1 ZIRCALOY-4 PLATE TESTING 

Mechanical tests with the fully recrystallized Zircaloy-2 plate were performed to obtain correlation 

factors for the shorter gauge length RTT specimen using a procedure similar to that used in  

Gussev et al. [16] to determine any anisotropy sensitivity to the correlation factors and to investigate 

potential temperature sensitivity to the correlation factors. Mechanical test results of the ATT, SSJ3, and 

RTT specimens are shown in Figure 3. Overall, the scatter in the ATTs and RTTs was larger than 

expected compared to that of industry-grade tubes. This result was attributed primarily to the machining 

method used. Specifically, tubes were EDMed from the plate material, then the ATT tensile gauges were 

EDMed and the RTT tensile gauges were end-milled. As a result, the EDM-affected layer is expected to 

be similar across all the specimens because the inside surface and outside surface of the 0.55 mm wall 

thickness tubes were EDMed; thus, machining effects on the mechanical property comparisons between 

specimen geometries from the plate are not expected to be significant. This is not a standardized, well-

iterated procedure, so tube specimen quality suffered somewhat as could be compared to tubes 

manufactured via conventional means (pilgering, ball milling, etc.). Regardless, multiple specimens of the 

same processing direction and specimen type were tested, so the averages can be used to determine and 

evaluate correlation factors.  

 

 

Figure 3. Mechanical test results of the fully recrystallized Zircaloy-4 plate. Specimen geometry is included in 

each plot. 
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The average and standard deviation of the engineering yield stress (YS), engineering uniform elongation 

(UE), engineering ultimate tensile strength (UTS), and engineering total elongation (TE) obtained from 

the tests are shown in Table 1 and Figure 4. It was found that the trends between rolling and transverse 

tensile specimen directions were preserved across specimen geometries, except for the UTS in the RTT 

configuration at room temperature and the TE in the RTT configuration at high temperature. This result 

suggests that these tube geometries do not exhibit significant sensitivity to anisotropy for these 

geometries. Furthermore, it was found that the data scatter in the properties obtained from the RTT 

configuration was larger than that of the ATT or SSJ configurations, which is consistent with previous 

observations [18]. This can partially be attributed to the tube machining method used via concentricity 

differences between the tube specimens and the mandrel, uneven lubrication application, differences in 

friction across the surfaces, or interactions associated with the smaller geometry limiting deformation 

[22]. However, it should be noted that in the case of deformation-limiting geometry, an ideal gauge 

geometry may not exist because the length and load configuration of the real tube component is limited 

by the tube circumference already. Mechanical tests with SSJ3 specimens at 300°C will be performed in 

the future. 

 
Table 1. Engineering mechanical properties obtained from Zircaloy-4 plate. 

    Average Standard Dev. 
  Test. Temp. # of tests YS UE UTS TE YS UE UTS TE 
Direction Specimen ºC # MPa % MPa % MPa % MPa % 

Rolling 
ATT RT 4 402.8 8.24 478.7 21.56 8.4 0.29 5.0 2.50 
SSJ3 RT 3 402.5 7.29 468.8 22.76 2.4 0.27 4.8 1.99 
RTT RT 6 592.1 8.79 666.7 34.86 35.2 2.60 31.4 4.06 

Transverse 
ATT RT 5 382.9 11.00 507.6 25.29 15.9 0.12 19.0 1.68 
SSJ3 RT 3 353.8 10.18 491.3 23.59 6.1 0.63 4.4 0.58 
RTT RT 6 535.7 9.98 622.7 40.51 50.2 1.52 40.9 5.09 

Rolling 
ATT 300 3 141.3 11.27 197.3 37.93 3.3 1.00 1.7 6.22 
RTT 300 3 223.9 10.83 264.5 72.60 7.3 4.27 8.0 9.02 

Transverse 
ATT 300 3 142.0 14.13 213.3 45.33 19.8 1.19 6.0 3.76 
RTT 300 3 260.6 13.77 307.8 72.23 10.0 6.33 12.5 6.06 
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Figure 4. Engineering mechanical properties obtained for the fully recrystallized Zircaloy-4 plate showing 

that trends among the tensile geometries and cutting directions are maintained. 

The stress-based correlation properties from ATT to SSJ3 in this work as compared to those reported in 

Gussev et al. [16] are shown in Figure 5a, and the strain-based properties are shown in Figure 5b. For 

UTS, UE, and TE, the new properties from both rolling and transverse direction tube specimens fell 

directly on the property curves, and for YS, both specimen machining directions fell acceptably close, 

suggesting that the anisotropic nature of the Zircaloy plate does not affect its correlations. High 

temperature results will be added to the correlations when the high temperature SSJ3 tests are completed. 

 

 

Figure 5. Correlation plots comparing the a) stress-based and b) strain-based engineering properties obtained 

from ATT specimens vs. those obtained from SSJ3 specimens tested under the same conditions. All tests were 

performed at RT. 
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RTT correlations are evaluated by correlations to properties obtained from ATT specimen geometry 

because of the lack of SSJ3 test data at high temperatures. Because Gussev et al. [16] used 3 mm and  

7 mm gauge length RTT specimens and the specimens in this work had 1.5 mm gauge length, no direct 

comparison can be made to the data in the aforementioned work [16]. As a result, the correlations from 

the RTT tests were evaluated (1) as a trend from 7 mm length to 3 mm length to 1.5 mm gauge length and 

(2) based on the scatter associated with the current data line. The RTT correlations are shown in Figure 6. 

Results showed a clear trend in which the correlation value to ATT geometry increased for all properties 

as the gauge length decreased. For the stress-based values, this finding was the expectation: the part of the 

gauge that is necking and deforming was along the 12 o’clock portion of the mandrel, where friction was 

at its maximum. Similarly, for strain values, the correlation values also increased, which was expected 

from DIC analyses that showed that the longer gauge length specimens exhibited heavily localized 

deformation in the gauge length long before the ultimate tensile stress was reached. Importantly, the DIC 

analyses showed that an optical extensometer in the gauge length of the 1.5 mm gauge length specimen 

correlated 1:1 with the experimental curve from the test, which is consistent with the UE correlation value 

found to also be near 1 among the effective four materials tested. However, it was interesting to observe 

that the total elongation appears to be drastically over-estimated in the 1.5 mm gauge length specimens, 

suggesting that the small gauge may inhibit failure based on its effect of the changing stress state after 

necking occurs [22]. These correlations indicated no temperature dependence on the material correlations, 

but obtaining more data with the new RTT geometry is recommended. 
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Figure 6. Engineering property correlations between RTT specimens and ATT specimens tested at the same 

conditions. The 3 mm gage length had a 0.8 mm gage width, and the 7 mm gage length had a 1.2 mm gage width. 

3.2 ZIRCALOY-4 AND COATING IMPACT ON MECHANICAL PROPERTIES 

ATT and RTT tests were performed with ORNL’s AR Zircaloy-4 tubing as a benchmark and with several 

coated materials to evaluate the impact of the coating processes on the mechanical properties. ATT 

specimens were machined via EDM or CNC end milling to determine whether the machining method 

affected the mechanical properties. Mechanical test data are shown in Figure 7a for ATT tests at RT and 

7b for ATT tests at 300°C, and the mechanical properties obtained from all the ATT tests are shown in 

Table 2. The plots show a clear trend in which the −100 V bias coated tubing showed increased strength 

in the axial direction relative to the AR tubing at the cost of a slight reduction in uniform and total 

elongation—but, importantly, the tubing retained significant ductility. The cold spray tubing showed a 

clear increase in strength and loss of uniform and total elongation in the axial direction at 300°C relative 

to the AR tubing but did not show a strength benefit at RT. The −150 V bias and −200 V bias showed a 

subtle strength loss and elongation increase relative to the AR tubing at both temperatures. It is important 

to note that the tubes were hand-polished prior to coating to improve coating adherence; thus, tests were 

also performed with hand-polished uncoated tubing to isolate the effect of the coating. It was clear that 
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the hand polishing had a minor effect on reducing the UE and UTS in the axial direction as the UE was 

~3 standard deviations below the average UE for the end-milled AR tubing, and the UTS was ~1.5 

standard deviations below the average UTS for the end milled tubing, but more testing is recommended. 

 

Figure 7. Mechanical test results a) at RT and b) at 300ºC for ATT specimens machined from AFC Zircaloy-4 

tubing and coated tubing. The tensile gauges for all specimens were EDMed.  

Table 2. Mechanical properties obtained from ATT tests machined from AR and coated AFC-Zircaloy-4 

tubing. 

   number 

of tests 

Average Property Standard Dev. 

Temp.     YS UE UTS TE YS UE UTS TE 

C Material Machining # MPa % MPa % MPa % MPa % 

RT 

AR 
EDM 6 492.1 13.57 662.2 31.88 13.2 0.53 7.6 0.52 

End Mill 1 469.8 11.10 628.5 28.40 — — — — 

AR-Polish End Mill 1 470.3 9.80 619.1 25.90 — — — — 

ColdSpray 
EDM 2 539.0 10.73 744.8 22.24 10.3 0.17 4.7 0.94 

End Mill 1 462.3 9.39 591.6 18.10 — — — — 

−100V 
EDM 2 520.9 9.80 690.7 26.30 1.8 0.00 0.4 2.40 

End Mill 1 490.7 9.90 605.1 24.60 — — — — 

−150V 
EDM 2 437.2 14.85 632.8 32.60 0.8 0.35 2.4 0.10 

End Mill 1 395.1 12.40 557.7 29.40 — — — — 

−200V 
EDM 2 435.4 14.75 645.2 34.70 3.4 1.35 1.3 0.70 

End Mill 1 422.9 11.60 564.2 30.60 — — — — 

300°C 

AR EDM 6 236.9 13.79 379.4 37.67 23.3 2.43 29.2 2.22 

ColdSpray EDM 3 236.5 7.38 404.4 22.83 25.1 0.32 3.9 0.97 

−100V EDM 3 286.3 11.80 417.5 35.64 19.1 0.12 8.0 0.76 

−150V EDM 3 234.2 18.38 355.9 46.32 31.9 1.11 0.7 0.12 

−200V EDM 3 244.7 16.72 380.4 43.66 9.7 0.51 7.8 0.95 
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ATT tests with end-milled specimens were tested to compare the effect of the machining method on the 

mechanical response of the specimens. These tests are shown in Figure 8. A large discrepancy was 

observed between end-milled and EDMed ATT specimens: almost every property was  ≥ 2 standard 

deviations lower than its-end milled counterpart except for the UE and TE for the −100 V bias specimens. 

The trend among the coated specimens remained whether the specimens were EDMed or end milled: the 

−100 V bias was the strongest, followed by the cold spray, −200 V bias, and −150 V bias, but in 

end-milled specimens, the −100 V bias specimen exhibited a lower YS and UTS than the AR specimen, 

which deviated from the EDMed data. This could suggest that end milling removed some of the residual 

stresses expected from the coatings or that the coated materials are more affected by EDM. Regardless, 

more research is necessary to form a proper conclusion about why the coated material seems to be more 

strongly affected by machining method. 

 

Figure 8. Mechanical tests with ATT specimens at RT showing the difference between the mechanical 

response of EDMed specimens vs. those end-milled on a CNC. −100 V bias, −150 V bias, and −200 V bias 

materials are shifted for chart clarity. 

Mechanical test data for RTTs at RT are shown in Figure 9a, and RTTs for 300°C are shown in Figure 9b, 

and the mechanical properties obtained for the specimens are shown in Table 3. For RTT specimens, all 

the tensile gauges were machined via end milling. For reader clarity, not all specimens are included in the 

plots. All the coated specimens showed statistically equivalent or worse mechanical strength and ductility 

at RT and 300°C compared to the AR material in the hoop direction from RTT tests. This is the opposite 

expectation from improved burst test data and the expected residual compressive stresses [10] from the 

coating processes. The gap between the coated materials vs. uncoated specimens was observed to close as 

temperature increases, so more testing at higher temperatures may indicate improved performance at 

temperatures above 300°C where burst occurred. Otherwise, some of the gains in strength for the coated 

materials may come from residual compressive stresses in the axial direction that reinforce the tube as it 

is loaded biaxially from internal pressure, although hoop direction properties would be expected to 

dominate. 
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Figure 9. Mechanical test results a) at RT and b) at 300°C for RTT specimens machined from AFC  

Zircaloy-4 tubing and coated tubing. Results are not correlated to ATT or SSJ3 geometries, so friction has not 

been removed. 

Table 3. Engineering mechanical properties obtained from RTT specimens machined from AFC Zircaloy-4 

tubing tested at RT and 300°C. The tensile gauges for RTT specimens were all end-milled. Values here are 

uncorrelated to ATT or SSJ3 geometries. 

Temperature   
Number 

of tests 
Average property Standard Dev. 

YS UE UTS TE YS UE UTS TE 
C Material # MPa % MPa % MPa % MPa % 

RT 

AR 5 773.2 4.89 818.2 36.74 22.6 0.79 22.7 1.82 
AR-

HandPolish 2 761.0 4.20 822.4 35.50 18.3 0.20 13.0 0.70 
ColdSpray 2 597.1 4.55 646.9 24.20 5.2 0.05 9.8 3.60 
 −100V 3 638.3 4.72 699.1 28.08 18.2 0.54 19.2 2.07 
 −150V 2 568.3 5.20 603.7 38.55 10.7 0.50 2.4 1.85 
 −200V 2 617.8 2.95 653.2 30.00 41.7 1.25 31.1 1.90 

300°C 

AR 3 365.4 3.66 411.6 49.37 9.2 0.55 9.0 2.48 
ColdSpray 2 363.5 1.83 395.3 43.25 15.9 0.01 12.0 5.12 
 −100V 2 367.0 1.88 389.8 44.08 2.7 0.09 1.9 2.16 
 −150V 2 306.7 3.93 335.6 58.07 4.8 0.78 0.7 2.28 
 −200V 2 354.2 2.39 380.7 44.48 4.6 0.32 4.7 0.62 

 

 

4. MATERIALS DATABASE 

Following the testing of nuclear cladding materials, the specimen information and corresponding 

mechanical test data are being uploaded to a web-based relational database system [23, 24, 25]. This 

database system has benefited from over a decade of steady improvements in the Gen IV Materials 

Handbook Knowledgebase and the ASME Materials Properties Database: the system has been used to 

successfully maintain and manage data from multiple industries and countries [23, 24, 25]. 
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The data record labeled 0023C_TENTest_Zircaloy-4-100V_AFC_ORNL_Y23M03D08_1 shown in  

Figure 10 was collected in FY23 from the −100 V bias coated AFC Zircaloy-4. Project information, 

specimen traceability information, tensile geometry measurements, tensile machining information, 

specimen drawings, and DIC information can be stored in the specimen information section. Similarly, a 

pre-test specimen conditioning section (not depicted) allows for storage of additional heat treatments, 

coating methods, surface preparations, or other parameters that can be added when needed. Furthermore, 

test parameters such as strain rates, test temperatures, and fixturing can also be added and customized for 

datasets that have specific measurements or parameters. The engineering properties measured from each 

test can be added for each specimen; the functional data (e.g., DIC images, DIC analysis data, stress vs. 

strain data or other test data) can also be added to each applicable specimen. Importantly, with all the data 

stored in the database, specimens can be selected at will, and the mechanical property data can be 

formulated into a table, as shown in Figure 11, or functional data can be plotted together. 

 

 

Figure 10. Image of the database interface showing how various specimen and material inputs can be tracked 

and accessed. 
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Figure 11. Example image of a table output from the database showing the engineering properties that can be 

accessed as well as functional data such as the stress strain curves (not depicted). 

5. CONCLUSIONS 

In this work, ATT and RTT mechanical tests were performed for the META and AFC programs.  This 

testing leveraged short-length specimens that can be used to test cladding mechanical properties in the 

axial and hoop direction from tube specimens, both of which can be performed in a hot cell. ATT and 

RTT specimens were machined from rolled, fully recrystallized Zircaloy-4 plate that closely modeled that 

of cladding tube textures. The ATT specimens directly supplemented previous data from the literature 

[16], and correlation plots for shorter-gauge length RTT specimens were generated for a nuclear-relevant 

material. Moreover, the RTT correlation for UE was found to correlate nearly 1:1 with ATT specimens, 

which is consistent with previous DIC results that showed strain measurements correlating 1:1 with 

engineering plastic strain measurements.  

 

Several ATT and RTT mechanical tests were performed with AR Zircaloy-4 tubing to produce 

statistically significant data for each specimen type. Furthermore, several coated Zircaloy-4 materials 

were tested and compared to the AR material, and some strengthening in the axial direction was found to 

have occurred from cold spray and −100 V bias materials, but a loss in mechanical strength was shown in 

the hoop direction from RTT tests. This result supports AFC’s objective to evaluate the impact that Cr-

coating procedures can have on the uncoated tubing’s mechanical performance.  

 

End-milled ATT specimens were directly compared to EDMed tubes of the same material, and it was 

found that end-milled mechanical properties deviated significantly from those obtained from EDMed 

specimens. EDM is expected to affect the specimen microstructure, thereby impacting the mechanical 

performance, so end milling machining procedures are recommended in the future. Finally, mechanical 

test data are being added to an online database for all the relevant data for each material and specimen 

type; this database system organizes the data obtained for the program so that several users can access and 

use it. This data acts as a benchmark and would directly support future research with more tubing 

materials including hydrided, oxidized and/or irradiated material in understanding the effect of the 

subsized specimens on the measured mechanical properties of HFIR-irradiated or commercially-irradiated 

materials.  
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