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Executive Summary 

Sections of eight plate castings of uranium alloyed with 10 wt% molybdenum (U-10Mo) were sent 
from Y-12 to the Pacific Northwest National Laboratory (PNNL) for microstructural characterization.  
Casting variables included two different plate dimensions and two different post-casting heat-treatment 
durations.  There was a duplicate of each casting condition which provided a measure of process 
variability.  The degree of sample variation depended greatly on the thickness of the sample, where the 
sample came from within the casting, and whether the sample received a post-casting heat treatment.   

In general, the grains were equiaxed and gross porosity and elemental segregation were not observed.  
However, a small fraction (i.e., less than 2 percent) of porosity less than 25 um micron in dimension was 
observed, primarily in discreet locations between dendrites.  Similarly, no coarse carbides were observed 
(i.e., greater than 20 µm).  

Inhomogeneity was observed on a microstructural scale in three forms: a) segregation of the Mo, b) 
grain size variation, and c) small carbide variation and distribution.  The Mo appeared more segregated at 
the cooler, bottom ends of the castings and more uniformly distributed at the hotter, top ends of the 
castings.  This inhomogeneity may be due to a combination of thermal gradients and the “coring” 
tendency of the U-Mo alloys.  Regarding grain size, the tops of the castings, being hotter, had coarser 
grains than the bottoms of the castings. As the metal cooled more rapidly, the finer grains at the lower 
ends of the castings became apparent. For similar thermal management reasons, the thicker castings had 
larger grain size compared to the thinner castings.  As for the carbide distribution and size, carbides were 
finer and less evenly distributed in the bottoms of the castings and predominately located at grain 
boundaries.  Carbides were coarser and more evenly distributed on the tops of the castings and found both 
within the grain and at the boundaries.  A dendritic microstructure was commonly observed in the thicker 
samples. 

For heat-treated samples, a 4-hour in-mold hold did not homogenize the Mo in the thicker, 0.375-in. 
castings, but did appear to homogenize the Mo in the 0.200-in. castings, likely due to the shorter diffusion 
distance associated with the smaller dendrite size.  Castings produced under similar conditions had 
different grain size profiles, suggesting some degree of process variation. 

Additional homogenization studies are recommended to confirm the transformation kinetics.  It 
should be verified that U-10Mo does not transform after homogenization.  In similar inhomogeneous 
U-10Mo microstructures, transformation of the U-Mo to alpha phase U and U2Mo has been observed; 
thus, care should be taken to ensure that the in-mold homogenization does not lead to a transformed 
structure. It is not clear if this transformation is a grain size or carbide effect. However, a minimum 
homogenization temperature of 1000oC may be required.  A robust homogenization process must be 
established to prevent transformation.  

Furthermore, due to the observed disparity in grain size from the top of a casting (i.e., large grain 
size) to the bottom (i.e., fine grain size) tighter control of the thermal gradient should be established.  In 
addition, similar process runs have varying grain size and uniformity.  Therefore, proper mold 
temperature gradient should be established through enhanced process controls and/or improved mold 
design.  The gradient in top to bottom microstructure of the castings may be alleviated by 
homogenization; however, the time and possibly temperature to homogenize may be influenced by the 
gradient in the casting temperature.  
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1.1 

1.0 Introduction 

 For several years, research to develop alternate fuels for high-performance research reactors 
(HPRRs) has been underway to replace high enriched uranium fuel with low enriched uranium (LEU) 
fuel (Burkes et al. 2009; Burkes et al. 2010a; Burkes et al. 2010b; Snelgrove et al. 1997).  To achieve 
similar 235U content with LEU, given reactor space constraints, a higher bulk density of fuel is needed, 
necessitating the use of monolithic metal alloy fuel.  For this, an alloy that offers a good combination of 
irradiation performance, oxidation resistance, strength, and ductility is required for HPRR applications 
(Clark et al. 2006; Mcgeary 1955).  Over several decades, various uranium alloys have been evaluated for 
favorable mechanical properties and for susceptibility to oxidation and corrosion.  Uranium alloyed with 
10 wt% molybdenum (U-10Mo) shows improvement in these characteristics compared to similar alloys 
(Burkes et al. 2009; Burkes et al. 2010a; Burkes et al. 2010b; Clark et al. 2006; Dombrowski 2012; 
Mcgeary 1955).  Pacific Northwest National Laboratory (PNNL) is currently studying the effect of 
microstructure on the mechanical properties of U-10Mo.  Similar research is being conducted by Joshi et 
al. (2013) and has been reported in Burkes et al. (2010a), Burkes et al. (2010b), Sinha et al. (2010a, b), 
and Sinha et al. (2009).  

The fabrication process begins with U-10Mo alloys being vacuum induction melt cast into ingots for 
machining into coupons at the Y-12 National Security Complex (Y-12). Several different molds and 
feedstock materials were evaluated to cast the ingots, which are subsequently clad in zirconium and then 
with aluminum by hot isostatic processing and rolled to a final thickness of 150-500 microns.  

To optimize future processing of the U-10Mo alloy, a comparative baseline of the casting process 
must be established.  The results presented herein focus on the characterization of U-10Mo castings.  
Samples were produced at Y-12 under various conditions and delivered to PNNL.  The castings, either 
0.200 or 0.375 in. thick, were subjected to different post heat-treatment cycles.  The impact of thermal 
heat treatment (with or without a 4-hour hold) and sample thickness (0.200 to 0.375 in.) on morphology 
and composition variation was examined.  In addition, repeatability was evaluated by looking at similar 
castings produced under similar conditions.  Finally, this study evaluated variation within a given casting 
and the potential impact of that variation on subsequent processing and fabrication steps.  





 

2.1 

2.0 Experimental 

2.1 Materials 

A preliminary study at Y-12 evaluated U-10Mo castings made with Mo feedstock as rod, powder, and 
strip.  After several tests, the most consistent results were determined to be achieved when alloying with 
Mo in rod form.  For the current study, Y-12 delivered eight castings to PNNL that used Mo rod as the 
alloy feedstock.  Plate thicknesses of 0.200 and 0.375 in. were cast. The castings were poured at 
approximately 1400°C and were heat-treated either with a 4-hour thermal hold or with no hold.  The hold 
temperature ranged from approximately 1100 to 1320°C. All castings were furnace-cooled to an 
estimated 600°C and then air-cooled to room temperature.  Figure 2.1 provides a test matrix with sample 
identifications and process variables for the eight castings, including Y-12 name (i.e., 3rd Jude), Y-12 
casting number (i.e., YN-TVLD) and PNNL metallography number (i.e., DUMO26).  Specific details of 
the casting process are classified by Y-12 as Official Use Only/Export Controlled Information and are, 
therefore, not included in this report.  

 

Figure 2.1.  Schematic of samples for the various casting thickness and heat treatments 

Samples were received as sections from the original cast plate.  Specific locations from which 
samples were removed from the casting were identified by PNNL as top, middle, or bottom.  It is 
important to note that these locations are relative for each casting and may not correlate to an exact 
location when comparing different casting thicknesses.  For example, the “top” of the 0.200-in.-thick 
casting may be 8.5 inches from its bottom end and the 0.375-in. thick casting may have a top that is 5.3 
inches from its bottom.  Figure 2.2 is an example of the overall cast size and cut plans from Y-12 for two 
of the castings.  Based on the information provided, the 0.200-in.-thick castings had larger casting volume 
(13.6 to 15.0 in.3) compared to the 0.375-in.-thick castings (9.9 to 14.0 in.3).  These differences relate to 
the overall height of the castings. The 0.200-in.-thick castings were reported to be 8 in. wide and 8.5 to 
9.4 in. tall.  The 0.375-in.-thick castings were 5 in. wide and 5.3 to 7.5 in. tall.   

Figure 2.3 provides examples of as-received sections.  Note that one cut section in the background is 
marked with a “TR” indicating a top right location/orientation of the casting.  The other sample, 
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YN-TW8W, was discovered to have been mismarked with the white arrow incorrectly pointing toward 
the bottom, rather than the top, as was originally intended. 

 

Figure 2.2.  Examples of cast size and cut plans for the 0.200- and 0.375-in.-thick samples 

 
(a) 

 
(b) 

Figure 2.3.  As-received U-10Mo castings from Y-12: (a) YC-TVLD and (b) YN-TW8W 
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2.2 Scanning Electron and Optical Light Microscopy 

For the cross sectional analysis, the cut sections were cold mounted in an epoxy resin.  The mounted 
samples were successively polished with 600-grit SiC polishing papers down to 6 and 1 µm diamond 
slurries, followed by a final colloidal silica polish.  Upon polishing, the samples were carbon coated for 
scanning electron microscopy (SEM) analysis.  Grain size determination, second-phase particle 
examination, and chemical composition analysis were performed using a JEOL 7600F FEG-SEM 
equipped with an Oxford Instruments X-Max 80 mm2 SDD energy-dispersive x-ray spectroscopy (EDS).  
Semi-quantitative EDS analysis was performed to determine the variation in chemistry across the 
microstructure.  EDS maps were then generated for a selected microstructure.  Electron images were 
obtained using a proprietary JEOL low angle backscatter electron (BSE) detector, an in-lens secondary 
detector and a traditional Everhart-Thornley secondary electron detector.  The Oxford AZtec software 
system was used for all EDS analytical analysis. 

Optical light microscopic images were obtained using an Olympus BX61 optical microscope 
equipped with polarization filters.  Digital images were captured using an Olympus UC50 camera and 
acquired using PAX-It digital imaging software.  The microscope was equipped with objective lenses that 
could image the sample from 25 to 500X.  Grain size analysis, quantitative image analysis, and carbide 
form and morphology were conducted on the SEM-BSE images at 100X and 500X magnification and 
were analyzed using ImageJ software. Grain size was measured manually by lineal analysis. Quantitative 
image analysis and carbide form was performed using ImageJ by adjusting the threshold of the area of 
interest and then processed using the automated analysis tool. The grain size measurements were 
determined by lineal analysis in low magnification mode.  It should be noted that the carbide area fraction 
was measured in the BSE-SEM mode at low magnification. Variation in this data may be due to 
adjustment to the lighting threshold (brightness, gray-scale, and contrast). This qualitative adjustment can 
result in variation that will slightly enhance or obscure surface asperities, or artifacts, and thus may have 
contributed to the differences observed in the resulting values.  The analysis on the shape/form 
(circularity/aspect ratio) of carbides was performed on high magnification images and has a higher level 
of quantitative accuracy. 





 

3.1 

3.0 Results and Discussion 

3.1 Microstructure of 0.200-in.-Thick Castings (No Hold and 4-Hour 
Hold) 

Microstructure and composition were characterized for four 0.200-in.-thick castings.  Two castings 
were examined in the as-cast condition and two were examined with a 4-hour hold following the casting.   

3.1.1 0.200-in.-Thick Castings (No Hold) 

Figure 3.1 and Figure 3.2 show the microstructures, as determined by SEM-BES, of the two as-cast 
samples (i.e., YN-TVLD/3rd Jude 0:2 and YN-TW8W/5th Matthew 0:2).  These castings were 8 x 9.1 in. 
and 8 x 8.5 in., respectively.  The images correspond to the top, middle, and bottom sections of the 
casting.  Images in Figure 3.1a-c and Figure 3.2a-c, were taken at 100X and images in Figure 3.1d-f and 
Figure 3.2d-f were taken at 500X.   

 
(a) (b)  (c) 

 
(d) (e) (f) 

Figure 3.1. SEM-BSE images of casting 3rd Jude 0:2 (0.200 in. thick, no hold) of the (a,d) top, (b,e) 
middle, and (c,f) bottom at (a-c) 100X and (d-f) 500X 
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(a) (b)  (c) 

 
(d) (e) (f) 

Figure 3.2. SEM-BSE images of casting 5th Matthew 0:2 (0.200 in. thick, no hold) of the (a,d) top, (b,e) 
middle, and (c,f) bottom at (a-c) 100X and (d-f) 500X 

Table 3.1 summarizes the microstructural analytical data.  The grain size decreases at the bottom of 
each casting, corresponding to cooler location and faster cooling rates.  Specifically, the grain size varied 
from 70 to 36 µm in sample 3rd Jude 0:2 and from 85 to 60 µm for sample 5th Matthew 0:2.  
Microstructurally, these samples appear to vary in the extent to which they were homogenized, from 
partially homogenized (i.e., 3rd Jude 0:2) to not at all (i.e., 5th Matthew 0:2).  The variation in Mo between 
the lean and rich regions was not detectable in these samples.  Figure 3.3 shows an optical micrograph of 
the top region for 3rd Jude 0:2.  There is slight evidence of a dendritic structure appearing and isolated 
porosity observed at the dendrite interfaces, which were less than 25 m in size. As mentioned, although 
observed in the optical image, Mo segregation was not detected in the EDS measurements.  Figure 3.4 
shows an EDS map for the bottom region of 5th Matthew 0:2.  Mo segregation is evident and the variation 
in Mo concentration between the lean and rich regions was determined to be 1 to 2 wt%.  Uranium-
carbides (shown as the dark particles under the BSE-SEM image) were primarily located along the grain 
boundaries. In the case of 3rd Jude 0:2, the carbides were elliptic with major axis lengths varying between 
0.5 to 10 m, The size of the carbides decreased from top to bottom, with minimal variation in area 
fraction.  For the middle sections from the 3rd and 4th Jude 0:2 samples, the Af and Circularity of the 
carbides varies slightly from the nominal values.  As noted above in section 2.2, measurement of the 
carbide quantity may be influenced by the lower magnification and slight variation in the lighting 
threshold used to make these measurements.   The carbides were less than 5 m in length for the bottom 
samples.  Similar to 3rd Jude 0:2 samples, 5th Matthew 0:2 samples displayed a trend in carbide size and 
form with carbides primarily located along the grain boundaries.   
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Table 3.1.  Microstructural data for the 0.200-in.-thick castings with no hold 

Met ID Baseline Char. ID Name Condition 
Af of 

Carbide 
Circularity 

AR 

Grain 
Size, 
µm 

Homogenized 
% 

Dendrite 

DUM026 YN-TVLD-Top 

3rd Jude 0:2 
0.200 in. no hold 
8 x 9.1 in. mold 

1.6 0.82 70.23 

Partially 
Not 

Determined 
DUM027 YN-TVLD-Middle 2.3 0.95 55.91 

DUM028 YN-TVLD-Bottom 1.6 0.82 36.25 

DUM048 YN-TW8W-Top 

5th Matthew 0:2 
0.200 in. no hold 
8 x 8.5 in. mold 

1.6 0.84 85.17 NO 34.16 

DUM047 YN-TW8W-Middle 1.7 0.86 76.00 YES 0.00 

DUM046 YN-TW8W-Bottom 1.7 0.89 60.66 NO 24.35 

 

Figure 3.3. Optical image from the top section of the 3rd Jude 0:2 sample with slight indication of 
dendritic structure still present 

 

Figure 3.4.  EDS analysis of a region from the bottom section of the 5th Matthew 0:2 sample 



 

3.4 

3.1.2 0.200-in.-Thick Castings (4-Hour Hold) 

Micrographs from the two 0.200-in.-thick castings that received a 4-hour thermal hold are shown in 
Figure 3.5 and Figure 3.6 (i.e., 4th Jude 0:2 and 4th Matthew).  These castings were 8 x 9.4 in. and 8 x 
8.5 in., respectively.  The images correspond to the top, middle, and bottom sections of the casting.  The 
images on top (Figure 3.5 a-c), at 100X, show a 100µm scale and the lower images (Figure 3.5 d-f) at 
500X have a 10µm scale.   

Table 3.2 summarizes the microstructural analytical data. Again, despite the 4-hour hold, grain size 
decreases from 191 µm (top region) to 54 µm (bottom region) as measurements were made from the top 
toward the bottom of the castings.  Figure 3.7 shows an optical micrograph of the top region for 4th Jude 
0:2.  There is no evidence of a dendritic structure in this sample, suggesting homogenization has occurred.  
Figure 3.8 shows an EDS map for the bottom region of 4th Jude 0:2, confirming fine, uniformly dispersed 
carbides with fairly uniform Mo distribution.  Variation in the Mo concentration is not evident. At the top 
of the castings, the uranium-carbides in 4th Jude 0:2 and 4th Matthew 0:2 tended toward being more 
spherical, with diameters up to 10 m; at the bottom of the castings the carbides were up to 5 m in 
diameter, with some retaining their needle shape. In the bottom section of 4th Matthew 0:2, the area 
fraction of carbides increased.  Carbides were located within and along the grain boundaries.  

 
(a) (b)  (c) 

 
(d) (e) (f) 

Figure 3.5. SEM-BSE images of casting 4th Jude 0:2 (0.200 in. thick, 4-hour hold) of the (a,d) top, (b,e) 
middle, and (c,f) bottom at (a-c) 100X and (d-f) 500X  
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(a) (b)  (c) 

 
(d) (e) (f) 

Figure 3.6. SEM-BSE images of casting YH-TW8W (0.200 in. thick, 4-hour hold) of the (a,d) top, (b,e) 
middle, and (c,f) bottom at (a-c) 100X and (d-f) 500X 

Table 3.2.  Microstructural data for the 0.200-in.-thick castings with a 4-hour hold 

Met ID Baseline Char. ID Name Condition 
Af of 

Carbide 
Circularity 

AR 
Grain 

Size µm 
Homogenized 

% 
Dendrite 

DUM037 YH-TVLD-Top 
4th Jude 0:2 

0.200 in., 4-hour 
hold 

5 x 5.3 in. mold 

1.7 0.91 191.25 YES 0.00 
DUM038 YH-TVLD-Middle 2.3 0.94 112.50 YES 0.00 
DUM039 YH-TVLD-Bottom 2.0 0.97 54.22 YES 0.00 
DUM052 YH-TW8W Top 

4th Matthew 
0:2 

0.200 in., 4-hour 
hold 

8 x 9.4 in. mold 

2.0 0.94 
> 150 
µm 

YES 0.00 
DUM053 YH-TW8W Middle 1.7 0.88 YES 0.00 
DUM054 YH-TW8W Bottom 4.2 0.93 YES 0.00 

 

Figure 3.7. Optical image from the bottom section of 4th Jude 0:2 sample with no indication of dendritic 
structure.   
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Figure 3.8. EDS analysis of a region from the bottom section of the 4th Jude 0:2 sample. 

3.1.3 0.200-in.-Thick Castings With and Without the 4-Hour Thermal Hold 

Results of the 0.200-in.-thick castings indicated that, for all castings, grain size varied from top to 
bottom, decreasing in grain size toward the cooler, bottom regions of the castings.  The carbides in 
castings with a 4-hour hold were larger and more spherical than those in castings with no hold. 
Indications that homogenization was beginning to occur were observed in castings with no thermal hold.  

 Figure 3.9 presents a comparison between the top and bottom regions of the castings with and without 
the 4-hour hold  The increase in homogeneity particularly evident in the coarsening of the carbide 
particles in both the top (Figure 3.9c) and bottom (Figure 3.9d) micrographs for the as-cast plus 4-hour 
hold sample (4th Matthew 0:2).  There is no dendritic structure evident in the SEM images. The grain size 
increases from bottom to top in all cases and all as-cast samples exhibit smaller grain size than those 
subjected to a 4-hour hold. The variation in grain size between samples with similar processing 
parameters (e.g., 3rd Jude 0:2 and 5th Matthew 0:2) can be attributed to the surface area to volume ratio of 
the castings, which directly correlates to the solidification rate. In addition, other factors (e.g., effective 
mold filling and die conditions) directly affect the cooling/solidification rate and, hence, the grain size.  
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 3rd Jude 0.2 / as-cast 4th Matthew 0:2 / Cast + 4-hour hold 

Top 

 (a) (b) 

Bottom 

 (c) (d) 

Figure 3.9. SEM-BSE images of 0.200-in.-thick castings, comparing microstructure with and without a 
4-hour hold.  (a) and (c) are the top and bottom, respectively, of the as-cast sample (i.e., 3rd 
Jude 0.2) and (b) and (d) are the top and bottom, respectively, of  the as-cast plus 4-hour hold 
sample (i.e., 4th Matthew 0:2).   

3.2 Microstructure of 0.375-in.-Thick Castings (No Hold and 4-Hour 
Hold) 

Microstructure and composition were characterized for four 0.375-in.-thick castings.  Similar to the 
thinner castings, two castings were examined in the as-cast condition and two were examined with a 
4-hour hold following the casting.   

3.2.1 0.375-in.-Thick Castings (No Hold) 

The data for the two samples with no hold, 1st Matthew 3:8 and 3rd Judas 3:8, are given below in 
Table 3.3.  Recall that 1st Matthew was a 5- x 5.3-in. casting and 3rd Judas was a 5- x 7.4-in. casting.  
Although the trends are similar (i.e., grain size decreases away from the top of the casting), the grain size 
for 1st Matthew was significantly smaller than that for 3rd Judas.  As previously discussed, grain size is 
directly proportional to surface area to volume ratio, effective mold filling, and die temperatures at the 
time of casting, etc.  However, the unavailability of the processing parameters makes it hard to correlate 
the same.   Further, the variation in grain size is greater for the longer casting (i.e., 3rd Judas, which 
decreased from 125 to 66 µm) compared to the shorter casting (i.e., 1st Matthew, which decreased from 
50 to 35 µm).  Note that these samples were pre-cut from the original casting and sent to PNNL; thus, the 
1st Matthew 3:8 samples do not have the (5th Matthew 0:2) YN-TW8W baseline characterization sample 
identification.  None of the thicker, no thermal hold samples were homogenized, which is evident by a 
defined dendritic microstructure (30 to 50 percent) with Mo segregation.  Dendrites were approximately 
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75 to 100 µm in width.  Carbides appeared to have a high aspect ratio and were present in the Mo-lean 
regions. 

Table 3.3.  Microstructural data for the 0.375-in.-thick castings with no hold. 

Met ID 
Baseline Char. 

ID 
Name Condition 

Af of 
Carbide 

Circularity 
AR 

Grain 
Size, 
µm 

Homogenized 
% 

dendrite 

DUM029 VEVKK6-T1 
1st  Matthew 

3:8 
0.375 in. no hold 
5 x 5.3 in. mold 

1.7 0.95 50.13 NO 32.55 
DUM030 VPVKK9-M1 2.2 0.77 44.64 NO 39.54 
DUM031 VRVKKA-B1 1.9 0.80 35.19 NO 45.17 
DUM040 DAVJMX-T1 

3rd  Judas 3:8 
0.375 in. no hold 
5 x 7.4 in. mold 

1.1 0.82 125.00 NO 31.21 
DUM041 DAVJMX-M1 1.2 0.86 79.45 NO 39.40 
DUM042 DAVJMX-B1 1.3 0.88 66.00 NO 51.73 

Figure 3.10 and Figure 3.11 show the microstructure of the two samples in the as-cast condition 
(i.e., 1st Matthew 3:8 and 3rd Judas 3:8).  These castings were 5 x 5.3 in. and 5 x 7.4 in., respectively.  The 
images correspond to the top, middle, and bottom sections of the casting.  The images on top (a-c) show a 
100 µm scale and the lower images (d-f) show a 10 µm scale.  The dendritic structure is evident 
throughout, particularly at the lower magnifications.  Figure 3.12 summarizes the EDS analysis conducted 
on the top section of the 1st Matthew 3:8 sample.  From the EDS maps, the Mo-rich and Mo-lean regions 
are evident.  It was determined by the EDS analysis that in the top section, of the 1st Matthew 3:8 sample 
Mo concentration varied 2 to 3 wt%.   

 
(a) (b)  (c) 

 
(d) (e) (f) 

Figure 3.10. SEM-BSE images of casting 1st Matthew 3:8 (0.375 in. thick, no hold) of the (a,d) top, (b,e) 
middle, and (c,f) bottom at (a-c) 100X and (d-f) 500X 
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(a) (b)  (c) 

 
(d) (e) (f) 

Figure 3.11. SEM-BSE images of casting DA-VJMX, 3rd Judas 3:8 (0.375 in. thick, no hold) of the (a,d) 
top, (b,e) middle, and (c,f) bottom at (a-c) 100X and (d-f) 500X 

 

Figure 3.12.  EDS analysis of a region from the top section of the 1st Matthew 3:8 sample 
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3.2.2 0.375-in.-Thick Castings (4-Hour Hold) 

Figure 3.13 shows representative micrographs from one of the 0.375-in.-thick samples receiving a 
4-hour thermal hold (i.e., 2nd Judas 3:8).  The dimensions of this casting were 5 x 7.5 in.  According to the 
processing schematic provided, the second casting (i.e., 2nd Jude 3:8) was 5 x 5.4 in. and only one sample 
was provided for examination, it was indicated as being from the middle section of the casting.  The 
images in Figure 3.13 correspond to the top, middle, and bottom sections of the 2nd Judas 3:8 casting.  
The micrographs on top (a-c) were taken at 100X and show a 100 µm scale while the images on bottom 
(d-f) were taken at 500X and have a 10 µm scale.   

Table 3.4 shows the microstructural analytical data for 2nd Jude 3:8 and 2nd Judas 3:8.  As before, the 
grain size decreased (from 159 to 74 µm) corresponding to measurements taken from the top and bottom 
of the casting.  This casting was not homogenized, evident throughout by the strong dendritic structure 
and non-uniform Mo segregation.  The carbides in this case also had a high aspect ratio with major axis 
length anywhere between 2 to 5 m.  Carbides were primarily located along grain boundaries.   
 

 
(a) (b)  (c) 

 
(d) (e) (f) 

Figure 3.13. SEM-BSE images of casting 2nd Judas 3:8 (0.375 in. thick, 4-hour hold) of the (a,d) top, 
(b,e) middle, and (c,f) bottom at (a-c) 100X and (d-f) 500X  
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Table 3.4.  Microstructural data for the 0.375-in.-thick castings with a 4-hour hold 

Met ID 
Baseline Char. 

ID 
Name Condition Af of Carbide 

Circularity 
AR 

Grain 
Size, 
µm 

Homogenized 
% 

dendrite 

DUM049 YCTVLD-M1 2nd Jude 3:8 
0.375 in. 4-hour 

hold 
5 x 5.4 in. mold 

1.9 0.86 55 No 44.32 

DUM043 DC-VJLK-T1 
2nd Judas 3:8 

0.375 in. 4-hour 
hold 

5 x 7.5 in. mold 

1.2 0.79 159.17 NO 23.74 
DUM044 DC-VJLK-M1 1.2 0.86 111.11 NO 32.15 
DUM045 DC-VJLK-B1 1.3 0.88 74.18 NO 50.65 

3.2.3 0.375-in.-Thick Castings, With and Without the 4-Hour Hold. 

Table 3.5 summarizes the individual sample data presented above for the 0.375-in.-thick castings (i.e., 
the no-hold and 4-hour hold samples).  For all samples, including those from the top of the castings with a 
4-hour hold, there was little evidence that the castings were homogenized and all showed classic dendritic 
structure and Mo segregation.  Samples with similar casting conditions showed significant variation in 
grain size, indicating process variability.  For example, top-region samples with no hold had grain sizes of 
50 and 125 µm.  Similarly, middle-region samples with 4-hour hold, had grain sizes of 111 and 55 µm. 

Table 3.5.  Summary of Microstructural Data for the 0.375-in.-thick casting samples. 

Met ID 
Baseline 
Char. ID 

Name Condition 
Af of 

Carbide 
Circularity 

AR 
Grain 

Size, µm 
Homogenized 

% 
dendrite 

DUM029 VEVKK6-T1 
1st  Matthew 

3:8 
0.375 in. no hold 
5 x 5.3 in. mold 

1.7 0.95 50.13 NO 32.55 
DUM030 VPVKK9-M1 2.2 0.77 44.64 NO 39.54 
DUM031 VRVKKA-B1 1.9 0.80 35.19 NO 45.17 
DUM040 DAVJMX-T1 

3rd  Judas 3:8 
0.375 in. no hold 
5 x 7.4 in. mold 

1.1 0.82 125.00 NO 31.21 

DUM041 
DAVJMX-

M1 
1.2 0.86 79.45 NO 39.40 

DUM042 DAVJMX-B1 1.3 0.88 66.00 NO 51.73 
DUM043 DC-VJLK-T1 

2nd Judas 3:8 
0.375 in. 4-hour hold 

5 x 7.5 in. mold 

1.2 0.79 159.17 NO 23.74 

DUM044 
DC-VJLK-

M1 
1.2 0.87 111.11 NO 32.15 

DUM045 DC-VJLK-B1 1.3 0.88 74.18 NO 50.65 

DUM049 YCTVLD-M1 2nd Jude 3:8 
0.375 in. 4-hour hold 

5 x 5.4 in. mold 
1.9 0.86 55 NO 44.32 

3.3 Thickness and Thermal Hold Comparison (0.200 in. vs. 0.375-in. 
and No Hold vs. a 4-Hour Hold) 

Figure 3.14 and Figure 3.15 show microstructures from the top and middle regions, respectively, of 
the casting variants. As casting thickness increases, microstructural inhomogeneity/segregation increases.  
Based on the microstructures (i.e., grain size and micro-segregation) the top of the cast plates took longer 
to cool than the bottom of the cast plates (as-marked).  This was true for all castings.  

The 0.200–in.-thick samples were fairly homogeneous with carbides that seem to attain an 
equilibrium spherical structure/shape.  These carbides were dispersed uniformly across the 
microstructure.  In comparison, the 0.375–in.-thick samples had a dendritic structure and the carbides 
were located in the Mo-lean regions along the grain boundaries.  These carbides had a high aspect ratio 
and were needle-like. The 4-hour hold in case of 0.200-in.-thick samples seemed to have eliminated the 
inhomogeneity and increased the grain size.  However, a 4-hour hold was insufficient to homogenize the 
0.375-in.thick samples.  Further, the effects of the 4-hour hold were more prominent at the top section 
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than at the bottom section as indicated by the volume fraction of dendritic phase in the microstructure and 
grain size.  It should be noted that no two castings of the same thickness and thermal hold time showed 
similar microstructures. This may be due to the difference in the mold dimensions which directly affect 
the cooling rate and hence the grain size and carbide morphology.   

In Figure 3.16 and Figure 3.17, three dimensional (3D) images from the middle region of both a thin 
casting with no hold (3rd Jude 0:2) and a thick casting with a 4-hour hold (2nd Jude 3:8) are shown.  In 
these images, samples were taken in the typical longitudinal cross-section, as described in Figure 2.13 
(i.e., viewed in the plane of the paper), in a transverse cross-section (i.e., seen as the Z-direction into the 
paper) and a normal plane view, midway into the thickness of the casting.  It should be noted that the 
microstructures were uniform in all the three directions and showed no columnar grain structure. The 
influence of casting conditions on the microstructure of the U-10Mo was investigated.  Within each given 
casting condition, microstructure varied (i.e., process variability, variation in casting height, or different 
mold dimensions).  Further, the microstructure varied from top to bottom (i.e., geometry variability).  
Typically, grain size was observed to be larger at the top than at the bottom, indicating faster cooling rate 
at the bottom than the top; the cooling rate was not measured quantitatively.  All castings displayed 
typical macro- or micro-dendritic structure.  Very little porosity was observed; however, pores that were 
observed were located in discreet locations between dendrites.  The carbide volume fraction remained the 
same across all the samples and the shape/form became more spherical as the homogeneity increased. It 
was observed in the 0.200-in.-thick castings with 4-hour hold (homogenous sample) that the carbides 
were spherical and were approximately 0.5 - 10 m in size and the 0.375-in.-thick casting without any 
hold (least homogenous) had needle-like carbides with an aspect ratio over 5 (major axis length of 2-5 
m).  In Section 4 the effect of inhomogeneity and carbides on the mechanical properties and 
performance is discussed. 

For the 0.200-in.-thick castings with no hold, the grain size decreased from top to bottom. Some 
carbides were spherical and others had a large aspect ratio, indicating incomplete homogenization.  This 
conclusion was verified by hazy Z-contrast BSE images (Figure 3.2 and Figure 3.3) and the EDS map 
(Figure 3.4).  The grain boundaries were Mo-lean compared to the center of the grains. The Mo variation 
was approximately 1 to 2 wt%.  These microstructural features indicate a higher cooling rate and are 
representative of the inhomogeneous samples and will require further heat treatment for homogenization. 
For 0.200-in.-thick castings with a 4-hour hold, samples were completely homogenized and had spherical 
carbides. Despite the similarity in casting dimensions and hold times, the two castings investigated had 
varied grain sizes. Such variation is indicative of different hold temperatures/times of the casting.  

The 0.375-in.-thick castings with no hold showed classic dendritic structures. Again, the grain sizes 
and volume fraction of dendrites decreased from top to bottom. Comparing the two samples, the grain 
sizes were different at the same location, indicating inconsistent casting conditions. In these cases, the 
dendrites were Mo-rich whereas the inter-dendritic regions were Mo-lean. The concentration varied by 
approximately 3 to 5 wt%. The carbides had a high aspect ratio and were located in the Mo-lean region 
and were along the grain boundaries. The 0.375-in.-thick castings with a 4-hour hold had a dendritic 
structure and indicated lack of homogenization.  

As compared to 0.200-in.-thick castings, the 0.375-in.-thick castings showed finer grain sizes and 
dendritic structures. Within a given casting, at a given location, grain size and structure was observed to 
be similar in all directions. 
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 As-cast/no hold 4-hour hold 

0.200 in. 

 5th Matthew 0:2 4th Matthew 0:2 

0.375 in. 

 3rd Judas 3:8 2nd Judas 3:8 

Figure 3.14. SEM-BES microstructures, from the top sections of each casting, showing variation in 
microstructure and carbide morphology as a function of thickness and thermal hold time 

 
 As-cast/no hold 4-hour hold 

0.200 in. 

 5th Matthew 0:2 4th Matthew 0:2 

0.375 in. 

 3rd Judas 3:8 2nd Judas 3:8 

Figure 3.15. Microstructures from the bottom sections as a function of thickness and hold time.
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Figure 3.16.  3D micrograph of 3rd Jude 0:2 sample (0.200 in. thick, no hold) 

 

Figure 3.17.  3D micrograph of 2nd Jude 3:8 sample (0.375 in. thick, 4-hour hold) 
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4.0 Potential Impact of Process Baseline Results 

The current work indicates that the U-10Mo castings tend to show measurable variation within, and 
between, samples with the same thickness.  This and other investigations are currently underway at PNNL 
to study the effects of homogenization and carbide morphology on the microstructure and mechanical 
properties on U-10Mo alloys. To better understand these effects it is helpful to observe the phase 
equilibria (Figure 4.1).  When compared to the homogenized samples, the un-homogenized samples (i.e., 
samples with dendritic structures) transformed rapidly into eutectoid structure and had a lower strength. 
Figure 4.2a shows the formation of eutectoid structure upon compression testing of U-10Mo pin casting 
at 500°C, whereas Figure 4.2b shows the sample homogenized at 1000°C for 16 hours and after 
compression testing at 500°C. The homogenized sample showed no lamellar phase formation. The 
formation of these eutectoid/lamellar structures is not only detrimental to the mechanical properties and 
the processing, but may also harm the eventual in-reactor performance.  

 

Figure 4.1.  The Mo-U Binary Phase Diagram 

(a) (b) 

Figure 4.2. Backscattered SEM image of the sample compression tested at 500°C at a strain rate of 
6.5×10-4 s-1:  (a) low magnification image of the as-cast structure showing the retention of 
dendritic structure and formation of lamellar/eutectoid structure at the grain boundaries and 
(b) low magnification image of the 1000°C, 16-hour homogenized sample.  
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It should be noted that the homogenization of the sample is not the only measure of obtaining 
consistent processing performance/properties from U-10Mo but is also dependent on the carbide 
morphology and stoichiometry. Recent investigation, it has been observed that despite homogenizing the 
samples completely, the carbides serve as nucleation sites to form the lamellar phases. Figure 4.3a shows 
that homogenizing a sample at 800°C for 24 hours and later subjecting it to a 500°C, 8-hour treatment 
resulted in over 50 percent of the structure being transformed into eutectoid/lamellar structure. In 
comparison, a 1000°C, 16-hour homogenized sample, heat-treated for same time and at the temperature 
did not transform (Figure 4.3b). It should be noted that the only difference between the two samples was 
that the carbides in the 800°C/24-hour homogenization sample were elliptical, whereas the carbides in the 
1000°C/16-hour samples were spherical, indicating a more stable carbide phase or morphology. 
Figure 4.3 is the effect of a 500°C, 8-hour heat treatment on the as-cast sample. It was observed that the 
sample had fewer dendrites than the 800°C/24-hour homogenized sample.  

 

(a) (b) 

(c) 

Figure 4.3. BSE-SEM images showing the effect of heat treating U-10Mo samples (a) homogenized at 
800°C for 24 hours, (b) homogenized at 1000°C for 16 hours and (c) as-cast.  Initial 
condition/heat treatments were followed by 500°C, 8-hour treatment.  
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5.0 Conclusions and Recommendations 

A process baseline characterization study was conducted at PNNL on U-10Mo cast plates produced at 
Y-12.  This study has been useful to characterize the current casting process and system design used at 
Y-12 to produce the U-10Mo fuel plates.  In addition, this work should help identify potential unintended 
changes to composition and microstructure should the process is changed or the furnace is redesigned. 
Based on the specific castings evaluated, the following conclusions and recommendations are provided. 

5.1 Conclusions 
1. No gross porosity was observed.  A small fraction (less than 2 percent) of porosity of less than 25 µm 

micron appeared primarily in discreet locations between dendrites. 

2. No coarse carbides (i.e., greater than 20 µm micron) were observed. 

3. No gross segregation was observed. 

4. On a microstructural scale, inhomogeneity was observed in three forms: Mo segregation, grain size, 
and carbide size and distribution. 

a. The Mo segregation was less on the top of the castings, possibly due to hot-topping or proximity 
to the hot furnace. 

b. The grain size was largest for the 0.200-in. castings with a 4-hour thermal hold and smallest for 
the 0.375-in. castings with no hold. In all samples, the top of the castings had larger grain size 
than the bottom of the castings.  

c. The carbides were finer and less evenly distributed in the bottom of the castings and were 
predominately at grain boundaries.  The carbides were coarser and more evenly distributed on the 
top of the castings and could be found both within the grain and at the boundaries. 

d. Inhomogeneity from top to bottom was observed in the castings and was likely due to mold 
temperature gradients and the coring tendency of U-Mo.  

5. The grains were, in general, equiaxed, with decreasing grain size away from the top. Columnar grains 
were not observed, but dendritic microstructure was commonly observed in the 0.375-in.-thick 
samples. 

6. The 4-hour hold did not homogenize the Mo in the 0.375-in.-thick castings but appeared to 
homogenize the Mo in the 0.200-in.-thick castings, likely due to the shorter diffusion distance 
associated with the smaller dendrite size. 

7. Castings produced under similar conditions had different grain size profiles, suggesting some degree 
of process variation. 

5.2 Recommendations 
1. It should be verified that the U-10Mo does not transform after homogenization. In similar 

inhomogeneous U-10Mo microstructures, transformation of the U-Mo to alpha U and U2Mo has been 
observed.  Thus, care should be taken to ensure that the in-mold homogenization does not lead to a 
transformed structure.  It is not clear if transformation is a grain size or carbide effect; however, it 
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appears that a carbide/grain size effect exists that should be quantified. Homogenization temperatures 
have not been quantified, but it appears that a minimum of 1000oC may be required. A robust 
homogenization process must be established to prevent transformation.  

2. Disparity in grain size observed from the top of a casting (large grain size) to the bottom (fine grain 
size) and run-to-run, suggests tighter control of the thermal gradient is required.  Therefore, it is 
recommended that proper mold temperature gradient be established through enhanced process control 
and/or improved mold design.  Furthermore, the gradient in top to bottom microstructure of the 
castings may be alleviated by homogenization, but the time and possibly temperature to homogenize 
may be influenced by the gradient in the casting temperature.  
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Appendix A 
 

Table of Samples Received from Y-12 
Met ID Baseline Char. ID Name Condition 

DUM026 YN-TVLD-Top 

3rd Jude 0:2 
0.200-in./no hold 
8 x 9.1 in. casting 

DUM027 YN-TVLD-Middle LT 

DUM028 YN-TVLD-Bottom 

DUM051 YN-TVLD Mid CT 

DUM056 YN-TVLD Long-Plane 

DUM029 VEVKK6-T1 

1st Matthew 3:8 
0.375-in./no hold 
5 x 5.3 in. casting 

DUM030 VPVKK9-M1 

DUM031 VRVKKA-B1 

DUM037 YH-TVLD-Top 

4th Jude 0:2 
0.200-in./4-hour hold 

8 x 8.5 in. casting 
DUM038 YH-TVLD-Middle 

DUM039 YH-TVLD-Bottom 

DUM040 DA-VJMX-Top 

3rd Judas 3:8 
0.375-in./no hold 
5 x 7.4 in. casting DUM041 DA-VJMX-Middle 

DUM042 DA-VJMX-Bottom 

DUM043 DC-VJLK-Top 

2nd Judas 3:8 
0.375-in./4-hour hold 

5 x 7.5 in. casting 
DUM044 DC-VJLK-Middle 

DUM045 DC-VJLK-Bottom 

DUM046 YN-TW8W-Top 

5th Matthew 0:2 
0.200-in./no hold 
8 x 8.5 in. casting 

DUM047 YN-TW8W-Middle 

DUM048 YN-TW8W-Bottom 

DUM049 YC-TVLD-Middle LT 

2nd Jude 3:8 
0.375-in./4-hour hold 

5 x 5.4 in. casting 
DUM050 YC-TVLD-Mid CT 

DUM055 YC-TVLD Long-plane 

DUM052 YH-TW8W Top 

4th Matthew 0:2 
0.200-in./4-hour hold 

8 x 9.4 in. casting 
DUM053 YH-TW8W Middle 

DUM054 YH-TW8W Bottom 
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