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Abstract 

Considerable effort is being devoted to development and regulatory qualification of low enriched 

fuels for research and test reactors by many agencies worldwide. One promising fuel configuration 

being examined for united states higher power research and test reactors (USHPRRs) are plate-

type fuels composed of a metallic uranium-molybdenum foil clad in an aluminum alloy. The two 

pieces of aluminum alloy cladding are bonded using a hot isostatic pressing method. The 

mechanical properties of the resulting bond line in the aluminum alloy cladding will vary by the 

HIP’ing parameters requiring a need to characterize the bond line. Small scale mechanical testing 

can provide a path for evaluating the mechanical properties and deformation behavior of the bond 

line both prior to and following irradiation. In this research room temperature micro-tensile 

specimens of non-irradiated and irradiated samples containing an Al alloy (AA 6061) bond line 

were tested to evaluate its strength and deformation behavior. Observations indicated that the strain 

rate did not affect the deformation behavior or strength and most of the micro-tensile specimens 

failed in a ductile mode in grains around the bond line. There was no indication that the 

microstructural features from the bond line affected the mechanical properties of the micro-tensile 

specimens. This implies that the bonding process used to make the fuel plate won’t be a likely 

source of failure during irradiation. An initial examination was performed on irradiated material 

but further systematic studies of the effects of irradiation can be performed in the future. 
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Introduction 

Uranium-molybdenum (U-Mo) alloys are currently being studied to facilitate the conversion of 

research and test reactors from high enriched fuels to low enriched fuels [1-11]. This program is 

being administrated by the National Nuclear Security Administration's Material Management and 

Minimization Reactor Conversion Program (formerly known as the Reduced Enrichment for 

Research and Test Reactor – RERTR). A fuel core meat design features a monolithic uranium-10 

wt.% molybdenum [1-4] fuel configuration, utilizing an aluminum alloy cladding (AA 6061). This 

design is intended for the use in high performance research reactors (USHPRR) and must provide 

the minimum required fissile uranium density for their operation before conversion of the test 

reactor can be implemented. The fuel design clads the fuel core with AA 6061 that is bonded with 

a hot isostatic pressing (HIP) process which has consistently produced a reliable bond [12, 13].  

The HIP process has generally created an adequate bond to date, however a detailed analysis of 

the mechanical properties and changes in deformation behavior after irradiation of the bond line 

are still needed to better understand and model its behavior [12, 13]. At the interface of the two 

AA 6061 sheets a bond line is formed during the HIP process [12]. This bond line can develop a 

thin oxide layer and form precipitates (Mg2Si) which may affect its bond strength. Evaluating the 

mechanical properties normal to the bond line is rather difficult due to the thinness of the fuel 



plates. This has limited the current research to a few studies employing a variety of techniques 

which have been able to document the deformation behavior and strength metrics of the bond 

line [14-18]. A detailed analysis of the mechanical properties of these bond lines is needed to 

develop better models of the fuel plates’ behavior during operation, potential accidents, and 

long-term storage after use. While testing of the entire fuel plate will produce values about its 

overall mechanical properties, an understanding of the individual components will provide an 

evaluation of the interplay between them. This can enable enhanced modeling of the fuel plate 

and deeper comprehension of the overall fuel plate behavior [19, 20, 21].  

Small scale mechanical testing (SSMT) refers to a group of techniques that are used to evaluate 

the mechanical properties of materials at the micron scale [21, 22]. These techniques permit the 

manufacture of multiple test specimens using a minute volume of material in as-fabricated 

components [21,22]. Micro-scale tensile testing can be employed for the evaluation of the 

mechanical properties of the bond line in as-manufactured HIP process fuel assemblies. 

Additionally, the small size of the specimens allows for targeting microstructural features in the 

bond line such as precipitates which may affect the overall strength. Targeting individual 

microstructural features in the bond line will provide more focused investigations into how each 

feature affects the overall strength of the fuel plates. The micro size of the specimens is also 

advantageous in that it enables the manufacturing of multiple specimens with small volumes of 

material. In Nuclear fuels research this is very desirable for evaluating materials after irradiation 

allowing the testing to be performed outside of protective hot cells greatly reducing time and 

expenses. These techniques are beneficial for post irradiation examination as it has been 

demonstrated that micro-tensile testing of specimens is able to evaluate the change in mechanical 

properties and deformation behavior of materials after irradiation [23]. 

In this work micro-tensile fuel specimens were manufactured in a control AA 6061 (not HIP 

processed) [labeled Al control], HIP processed AA 6061samples (2 samples) [labeled Al bond line 

1 and Al bond line 2] which contained the bond line being studied and one irradiated sample 

[labeled irradiated]. It was observed in the unirradiated specimens that regardless of notching the 

bond line most of specimens failed in the aluminum grains on either side of the bond line. There 

was one micro-tensile specimen in the unirradiated case that failed at the bond line which will be 

discussed later in this manuscript. Observations also indicated that despite the precipitates being 

present on the bond line of the micro-tensile specimen, the failure still occurred in the surrounding 

aluminum grains surrounding the bond line. Due to experimental difficulty with the irradiated 

sample, only one successful test was completed where the specimen failed at the bond line. While 

the results from a single test are inconclusive it demonstrates that SSMT can be applied to 

irradiated materials and allows for some comparison between irradiated and unirradiated 

conditions.  

Experimental  

Plate Manufacture 

General details of the U-Mo monolithic mini-plate fabrication have been reported previously [24-

26]. In general, the U-10wt% fuel foils were fabricated by hot co-rolling a zirconium diffusion 



barrier foil to a U-10 wt% Mo coupon at 650oC to a preset thickness followed by cold rolling to 

the final thickness. Hot isostatic pressing was utilized to bond the AA 6061 cladding to the fuel 

foil at 560oC and 104 MPa for 90 minutes with a ramping rate of 280oC per hour. The three samples 

containing bond lines (Al bond line 1, Al bond line 2 and irradiated) were all manufactured by the 

same parameters described above. 

Micro-Tensile Fabrication 

A total of 14 successful micro-tensile tests were performed on the 4 samples. On the Al control 

sample there was 3 test, Al bond line 1 had 6 test, Al bond line 2 had 4 tests and the irradiated 

sample had 1 test. The manufacturing of the micro-tensile bars smaller sections containing the 

bond line were cut from the mini fuel plates of the 3 HIP processed samples to fit in the 

nanoindenters and allow for easier sample preparation of both the unirradiated and irradiated 

samples. The bond line in each section was located using a Zeiss optical microscope and marked. 

The samples were then mechanically polished using silicon carbide papers with water as a 

lubricant until close to the bond line, approximately 100-200 µm away. The polishing was then 

finished with three and one µm diamond suspensions. The polishing was also performed on the 

front of the sample to provide two polished sides enabling the manufacture of the micro-specimens. 

The control AA 6061 samples were manufactured from a sample of Al cladding that had not been 

used in the HIP process. It was also polished on two sides using the same process as the HIP 

samples. 

The micro-tensile specimens were manufactured in a FEI Helios plasma focused ion beam (PFIB) 

located at the irradiated materials characterization laboratory (IMCL) at the Materials and Fuels 

Complex (MFC) of the Idaho National Laboratory (INL). The advantage of using the PFIB is that 

this system uses a xenon plasma for the milling instead of gallium ion beam, which is what has 

typically used in focused ion beam (FIB) systems. The challenge with manufacturing aluminum 

specimens with gallium FIBs is liquid metal embrittlement of the aluminum at grain boundaries 

which is remediated by using the xenon plasma [27]. 

The samples were mounted on a 45° holder allowing for milling perpendicularly into two adjacent 

surfaces of the sample, which enables the manufacturing of the micro-tensile geometry. A current 

of 1.3 µA was used to mill the excess material away until approximately 30 µm away from the 

bond line. This removed sufficient material behind and around the micro-tensile bars to allow the 

tip of the Hyistron PI-88 picoindenter to reach the specimens as seen in Figure 1. 



 

Figure 1: Overview image showing the large amount of milling performed to ensure enough 

space around the micro-tensile specimens for testing. 

To manufacture the micro-tensile specimens, foil structures approximately 20 µm thick, 300 µm 

in length and 50 µm in height were cleaned (60 nA beam) in each sample with the PFIB at 

approximately 30 µm from the bond line.  When the rough trenching was done, successively lower 

currents were used to shape the micro-tensile bars with a final cleaning of 6.7 nA. The final 

dimensions for the micro-tensile bars had a gauge size of 7 x 7 x 20 µm3 with a notch causing the 

width of the micro-tensile specimen to be approximately 3-5 µm at the bond line. An example of 

a finished micro-tensile bar can be seen in Figure 2B. An ion etched image of the aluminum before 

manufacturing the tensile bars shows the grains. From the ion etched image it can be seen that 

grain size is larger than the micro-tensile bars. It is evident that manufactured tensile bars were 

mostly bi-crystal with a single grain on each side of the bond line. In addition, the micro-tensile 

bars were over tilted by 2° on the front and back faces during the cleaning to account for the beam 

broadening, which minimizes the taper on the specimens. The micro-tensile specimens were 

manufactured with the bond line located near the center of the gauge length. Lastly, the bond line 

was notched using a circular pattern and a current of 6.7 nA to concentrate the stress at the bond 

line as seen in Figure 2B. For the micro-tensile specimens manufactured in the control Al (as 

received) with no bond line the final step of milling the notch was omitted. 



 

Figure 2: A) An SEM image of the microstructure illustrating the grain size. The bond line location 

and a schematic showing the location of the tensile bars is also included and not drawn to scale.  

B) An example of finished micro-tensile with gripper being aligned for testing. C) An example of 

a finished micro-tensile specimen side view showing the dimensions. D) An example of a finished 

micro-tensile specimen from the top view showing the thickness of micro-tensile bar. E) A group 

of finished micro-tensile bars ready for testing. F) A schematic showing the location of the micro-

tensile bars. 

The irradiated sample is from the top cladding portion of a plate that was irradiated to 8.9*1020 

fissions/cm3. The micro-tensile specimens were tested at room temperature utilizing a Hysitron PI-

88 picoindenter inside a FEI quanta dual beam (FIB/SEM) instrument. A custom-made gripper 

was manufactured in a diamond tip for tensile testing as seen in Figure 2B. During the testing of 

the micro-tensile bars the SEM beam was used to take pictures and record videos to enable post 

testing analysis (see supplemental information). The micro-tensile bars were tested with the PI-88 



displacement control with displacement rates between 20-2000 nm/s which corresponds to strain 

rates of approximately 0.001-0.1 s-1. The fracture surfaces of the micro-tensile bars after testing 

were examined with the SEM when possible. 

Results 

The Hysitron PI-88 records the load versus displacement of the micro-tensile test. The load versus 

displacement data is then converted to engineering stress and strain using the dimensions of the 

micro-tensile specimen measured in ImageJ from the before images of each micro-tensile 

specimens. Examples of these images can be seen in Figure 2C and 2D. The stress is calculated 

from the cross-sectional area at the thinnest part of the gauge. This would be the narrowest part of 

the notch for the notched specimens. The strain is calculated from the displacement data and the 

total length of the gauge section. The yield stress was obtained from the stress versus strain curves 

using the 0.2 % offset method from the linear portion of the loading curves. The engineering stress 

versus strain curves for the 4 different samples can be seen in Figures 3-6. Table 1 contains the 

summarized results of the yield stress from the micro-tensile testing of the 4 samples with different 

displacement rates used. 

 

Figure 3: The stress versus strain curves for the Al control specimens. These micro-tensile 

specimens did not contain a bond line and were not notched. All 3 specimens on the Al control 

were tested at 200 nm/s at room temperature.  
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Figure 4: The Stress versus strain curves for the Al bond line 1. The micro-tensile specimens 

included the bond line and were notched. The color coding shows the different strain rates used 

(.001-.1 s-1). For this sample there were a total of 6 micro-tensile specimens tested as follows: 1 

at 20 nm/s, 3 at 200 nm/s and 2 at 2000 nm/s. 

 

Figure 5: The stress versus strain curves for the Al bond line 2. These micro-tensile bars 

contained a bond line and were notched. There were a total of 4 micro-tensile bars tested on Al 

bond line as follows: 3 tested at 200 nm/s and 1 tested at 2000 nm/s. 



 

Figure 6: Neutron irradiated sample was pulled at 200 nm/s. This sample contained a bond line 

and was notched.    

 

Table 1: The yield stress values of the micro-tensile tests performed on the samples with the 

displacement rates used.  

Sample Number 

of micro-

tensile 

specimens  

Displacement rate 

[nm/s] 

Yield Stress 

[MPa] 

UTS 

[MPa] 

Uniform 

Elongation 

[-] 

Al Control (AA 

6061-T6) 

3 200 302 ± 39 362 ± 30 .139 ± .009 

Al bond line 1 1 20 211 300 .310 

Al bone line 1 3 200 267 ± 44 305 ± 15 .248 ± .042 

Al bond line 1 2 2000 238 ± 12 272 ± 1 .182 ± .045 

Al bond line 2 3 200 299 ± 20 310 ± 30 .131 ± .019 

Al bond line 2 1 2000 366 366 .132 

Irradiated 1 200 323 333 .163 

 

Discussion 

The non-irradiated materials containing the bond lines were tested at a variety of different strain 

rates for the micro-tensile specimens. Reviewing current literature indicates that there is little 

effect from strain rate on the deformation of 6XXX series Al alloys in the range tested [28, 29]. 

While the micro-tensile specimens would have many factors affect the yield strength of the 

individual tests it would appear form the results of Al bond line 1 that strain rate does not have 

significant influence on the results.  
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The advantage of performing the tests in-situ in the SEM permits the observation of the 

deformation in real time. Videos of selected tests can be seen in the supplementary material. In 

examining the results of the Al bond line 1 and Al bond line 2 micro-tensile specimens containing 

the bond line, in most cases the micro-tensile specimen failed in the aluminum grains surrounding 

the bond line in a ductile mode as seen in Figure 7. 

In testing the control Al micro-tensile specimens with similar cross-sectional areas as the bond line 

specimens and despite not being notched, all have similar yield stress values. The Al control 

samples was a 6061-Al with T6 treatment which has yield strength values between 240-290 MPa. 

The value of 302 ± 39 is slightly higher than the previously mentioned range but since these are 

small scale tests it can be expected. This agrees with the observations from literature from macro 

scale testing [30-36] where the optimized HIP bonded materials have similar properties to the as-

received material. This demonstrates that an optimized HIP process does not significantly alter the 

mechanical properties of the aluminum. 

Preliminary results and comparisons with the available literature indicate that materials bonded 

with an optimized HIP process produced adequate bonds with the bond line not being the limiting 

feature [30-36].  HIP bonded F82H steel [33] or reduced activation ferritic martensitic steels [35] 

for fusion applications also indicated that the macro-scale tensile specimens containing the bond 

line had similar yield, UTS and elongation characteristics when compared with as-received 

materials tensile specimens. In addition, the macro-scale tensile specimens did not fracture at the 

bond interface. A similar deformation behavior is evident with the micro-tensile specimens in the 

Al control sample which produced similar yield stress values as those micro-tensile specimens in 

Al bond line 1 and Al bond line 2. Most of the micro-tensile specimen in Al bond line 1 and Al 

bond line 2 samples did not fracture at the bond line and instead deformed in the aluminum around 

the bond line similar to the deformation in the macro-scale testing. While there may be challenges 

with size effects causing an increase in the yield stress measured with the micro-tensile specimens 

it is promising that the deformation mechanisms at the micro-scale agree with the macro-scale tests 

in literature [30-36]. This is beneficial allowing for a better understanding of the potential failure 

of the aluminum cladding in these fuel plates. 

  As described in literature concerning irradiated HIP bonded F82H steel it is reported that the 

irradiation did not cause fracture at the bond line [37]. However, in this research the micro-tensile 

specimen on the irradiated sample failed at the bond line. Because only a single irradiated specimen 

was tested in this research, it would be difficult to draw any meaningful conclusions. The irradiated 

specimen did have a higher yield strength as compared with most of the unirradiated specimens 

tested at the same displacement rate. It is expected that irradiation would increase the yield strength 

of the material through the damage in the material. The results from this research indicate that the 

yield strength of the Al control (as received) increases ~ 7 % when compared to the irradiated 

specimen. For the single irradiated micro-tensile results which are displayed in Figure 8 there was 

little to no deformation in aluminum around the bond line. It is known that the irradiation increases 

the defect density in the aluminum, which leads to an increase in strength of aluminum causing 

the bond line to become the weakest component. This resulted in a brittle fracture at the bond line 

under load. Aluminum alloys show rapid hardening even with low doses of neutron irradiation 



[38] which could lead to the bond line becoming the weak layer.  Another consideration is that 

when aluminum oxide (potential oxide at the bond line) is neutron irradiated at lower temperature 

~ 400 K it still maintains it crystalline structure [39] with small defect clusters and minimal 

swelling [39]. Since the bond line oxide is minimally affected by the irradiation it is possible that 

the increase in yield strength of the Al from irradiation would play a larger role in post irradiation 

deformation. This would suggest that the micro-tensile specimens would start to fail at the bond 

line after irradiation. It is difficult to draw any conclusions with only a single test specimen at a 

single dose for comparison to the unirradiated specimens. Additional, systematic studies with a 

variety of irradiated samples would be needed to thoroughly understand the change in the 

deformation behavior.   

It is worth noting that one micro-tensile specimen in the unirradiated case failed by brittle fracture 

at the bond line, the fracture can be viewed in Figure 9. It was in Al bond line 2 which was tested 

at the highest displacement rate of 2000 nm/s. The bond line in the specimen failed at a stress of 

366 MPa. While the other unirradiated micro-tensile specimens failed in a ductile manner within 

the Al around the bond line this micro-tensile specimen failed in brittle manner at the bond line of 

the material. No reason for this change in deformation behavior was evident. There was no 

precipitate in the micro-tensile bar nor did the bond line appear to be thicker in this region as 

compared with the other micro-tensile specimens. In addition, the other micro-tensile bar tested at 

2000 nm/s in the Al bond line 2 sample failed in the aluminum around the bond line in a ductile 

mode similar to the lower displacement rate samples. Aluminum does have some anisotropy in its 

mechanical properties [40, 41] which could be affecting the deformation behavior in this instance. 

Unfortunately, electron backscatter diffraction (EBSD) was not performed on the micro-tensile 

bars before testing. The EBSD could have given the orientation of the aluminum grains around the 

samples, which would have indicated if the grains were orientated in stronger or weaker directions. 

Possibly the grains were orientated in stronger directions on either side of the bond line in this 

tensile specimen. These stronger grains could have resulted in enough stress to accumulate and 

cause a fracture along the bond line before the yielding of the aluminum grains around the bond 

line. This seems plausible as this specimen failed at a higher stress than the single irradiated micro-

tensile specimen (366 MPa vs 323 MPa). The post fracture examination of this specimen which 

failed at the bond shows the typical cleavage fracture (Figure 9 C and D) expected with the brittle 

fracture of materials and limited to no deformation in the Al surrounding the bond line.   



 

Figure 7: An example of an unirradiated micro-tensile bar (Al bond line 1) where the failure 

occurred in the ductile mode in the aluminum around the bond line. The SEM images wcaptured 

in secondary electron mode. 

 

Figure 8: A SEM secondary electron image of after testing of the neutron irradiated specimen 

micro-tensile specimen.  



 

Figure 9: SEM secondary electron images of tensile 2 of the Al line bond 2 sample tested at 2000 

nm/s A) The before image of testing the specimen. B) The after image of tested specimen. C) 

Fracture surface image of the specimen.  

An additional benefit of small-scale mechanical testing is the ability to isolate microstructural 

features for testing as seen in Figure 10 with a precipitate in the middle of the micro-tensile bar. 

In Figure 10 images of the micro-tensile specimen in the Al bond line 1 sample that was tested at 

a displacement rate of 200 nm/s and yielded at 305 MPa.  The images and supplementary videos 

indicate that the precipitate did not significantly affect the results of the micro-tensile test. This 

micro-tensile specimen has a similar yield strength value as compared with all the other 

unirradiated micro-tensile specimens tested at 200 nm/s. The precipitate does not appear to initiate 

the failure in the material or be the cause of the failure such as a crack initiation point. The micro-

tensile bar in this case failed in a ductile mode in the grains surrounding the bond line like the 

several other micro-tensile specimens tested in the unirradiated state. However, in the macro-scale 

case the material around the precipitates could be more constrained which might lead to a different 

deformation behavior.  For micro-cantilevers manufactured containing the bond line the results in 

Ref. [16] indicate that microstructural features such as voids or precipitates influenced the yield 



strength. In [16] when the micro-cantilever contained a void or precipitates it measured a lower 

yield strength. This conflicts with the findings of this testing as the micro-tensile specimen in 

Figure 10 yielded with a value of 307 MPa which is very consistent with values of the other micro-

tensile specimens here. The variance in yield behavior could result from the geometry of the test 

specimens with the uniaxial stress state of the micro-tensile versus the more complex stress state 

of the micro-cantilever. In the micro-cantilever the highest stress and strain in tension would be at 

the top of the micro-cantilever where the void or precipitate is located. Whereas the micro-tensile 

would have a uniaxial stress state so it would not be concentrated at the precipitate location. This 

difference could explain the varying behavior between the two techniques. In addition, in Ref. [16] 

only one micro-cantilever was tested in each condition. 

 

Figure 10: SEM secondary election images of the testing of the micro-tensile specimen with a 

precipitate in the cross section. A) The before image of the testing of the micro-tensile specimen. 

B) The post testing image of the micro-tensile specimen. C) A SEM secondary electron image of 

the deformation region of the micro-tensile specimen after testing.   

For a comparison of the size effect of the unirradiated micro-tensile specimens containing the bond 

line one can compare this data with data from the University of Central Florida [42] on HIP bonded 

Al. The macro-scale tensile tests also had a mix of results with some tensile bars failing at the bond 



line and others in the matrix material. Macro-scale samples cooled in the furnace produced a 

similar microstructure of the bond line to the HIP processed plates. The yield stress was 82 MPa 

for the macro-scale sample which did not fail at the bond line and a value of 88.6 MPa for the 

macro-scale sample which did. In this study the value for the sample that did fail at the bond line 

in the unirradiated condition is 366 MPa. The average value for the other case (all different strain 

rates) of the micro-tensile specimens that did not fail at the bond line is 277 GPa. In this case a 

similar trend is observed with the sample fracturing at the bond line having a higher yield value as 

compared with specimens deforming in the aluminum around the grain. Furthermore, the macro 

scale specimens in [42] that were water quenched, which causes the Al matrix to develop increased 

hardness, failed [43] at the bond line more frequently. While water quenching is not the same as 

irradiation damage a similar trend is observed in both cases: when the Al matrix yield stress 

increases there is also an increase in failures at the bond line of the specimens. In [18] mm size 

tensile specimens were manufactured from HIPed bond Al containing a bond line and the yield 

strength was measured to be 255-275 MPa depending on the HIPing parameters. This is lower than 

values measured here which could be from several factors such as size effects in the material and 

differences in the HIPing of the materials. However, there was no comparison to irradiated material 

in this study.  

Conclusions 

In literature [30-36] it was shown through macro-scale mechanical testing that materials bonded 

with the optimized HIP parameter have similar mechanical properties to the as-received material. 

Additionally, macro-scale mechanical testing revealed that neutron irradiated specimens [37] did 

not fail because of the bond line. In this micro-scale test the samples containing the bond line and 

those in the control Al sample had similar mechanical properties. Furthermore, the micro-tensile 

specimens enable the testing of the individual component or feature in the as-fabricated fuel plate. 

The unirradiated micro-tensile specimens tested here deformed in the Al surrounding the bond line 

indicating that a well adhered and strong bond line with all but one specimen. The Al control 

micro-tensile specimens had similar yield strength to the micro-tensile in Al bond line 1 and Al 

bond line 2 samples. The micro-tensile specimens showed that precipitates at the bond line do not 

appear to have affected the mechanical properties significantly. The micro-tensile specimens that 

contain a precipitate on the bond line did not deform differently than those without a precipitate 

on the bond line. The irradiated micro-tensile test showed a brittle fracture at the bond line with 

no deformation in the Al, suggesting that irradiation is causing a change in the deformation of the 

material due to the increase in the yield strength of the Al matrix. The micro-tensile tests performed 

here demonstrate the ability of small-scale mechanical testing to provide meaningful information 

on the individual as-fabricated components in order to improve the understanding of the 

deformation of the overall fuel plate. 
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