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Characterization of spent nuclear 
fuel canister surface roughness 
using surface replicating molds
B. L. Nation 1, J. L. Faubel 2, G.T. Vice 3, J. A. Ohlhausen 2, S. Durbin 3, C. R. Bryan 1 & 
A. W. Knight 1*

In this study we present a replication method to determine surface roughness and to identify surface 
features when a sample cannot be directly analyzed by conventional techniques. As a demonstration, 
this method was applied to an unused spent nuclear fuel dry storage canister to determine variation 
across different surface features. In this study, an initial material down-selection was performed to 
determine the best molding agent and determined that non-modified Polytek PlatSil23-75 provided 
the most accurate representation of the surface while providing good usability. Other materials that 
were considered include Polygel Brush-On 35 polyurethane rubber (with and without Pol-ease 2300 
release agent), Polytek PlatSil73-25 silicone rubber (with and without PlatThix thickening agent 
and Pol-ease 2300 release agent), and Express STD vinylpolysiloxane impression putty. The ability 
of PlatSil73-25 to create an accurate surface replica was evaluated by creating surface molds of 
several locations on surface roughness standards representing ISO grade surfaces N3, N5, N7, and N8. 
Overall, the molds were able to accurately reproduce the expected roughness average (Ra) values, but 
systematically over-estimated the peak-valley maximum roughness (Rz) values. Using a 3D printed 
sample cell, several locations across the stainless steel spent nuclear fuel canister were sampled to 
determine the surface roughness. These measurements provided information regarding variability 
in normal surface roughness across the canister as well as a detailed evaluation on specific surface 
features (e.g., welds, grind marks, etc.). The results of these measurements can support development 
of dry storage canister ageing management programs, as surface roughness is an important factor 
for surface dust deposition and accumulation. This method can be applied more broadly to different 
surfaces beyond stainless steel to provide rapid, accurate surface replications for analytical evaluation 
by profilometry.

In this study, we present a replication method to determine surface roughness and identify surface features 
when the sample cannot be directly analyzed by conventional techniques. As a demonstration, this method was 
applied to an empty full-scale spent nuclear fuel (SNF) dry storage canister to determine the surface roughness 
across diferent surface features. Tis method is intended only as a surface characterization method and not as 
an inspection method for in-service spent nuclear fuel canisters. Tis method has the fexibility to be used on 
a variety of complex surfaces; a spent nuclear fuel canister was selected as an exemplar due to the inability to 
measure the surface roughness directly using other methods.

Quantifying the surface roughness of natural and manufactured surfaces at the micron and sub-micron scales 
can provide critical information that spans many applications1–4. Tese applications range from developing 
advanced engineered materials, to characterization of archeological specimens or biological samples (includ-
ing teeth for dental applications)4–7. Te ability to measure and quantify the surface roughness of a sample can 
provide details on material performance, susceptibility to degradation, and material interactions. Conventional 
direct measurement methods to determine surface roughness generally require the sample to be placed on a 
stage for analysis using atomic force microscopy (AFM) or proflometry in an analytical facility. Surface analysis 
techniques such as stylus or optical proflometry require expensive, highly sensitive equipment and are generally 
not feasible for use in feld applications, especially when the surface of interest is outdoors. While these methods 
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are highly sophisticated, sometimes the sample is such that surface roughness cannot be measured directly. For 
example, a sample may be too large for transportation to the analysis equipment or have a geometry that cannot 
be properly oriented in the system, the sample may not be suitable for measurement (e.g., too transparent or 
refective for optical proflometry), or the sample may be prone to movement during the sampling (e.g., biologi-
cal samples). One solution to the problem of sample incompatibility is to create a surface replica and analyze the 
replica using conventional direct measurement techniques1–11.

Surface replication is a method of recreating a surface (or a negative of the surface) using a conformal mold 
with the intention of performing ex-situ topographical analysis when the sample cannot be analyzed directly. 
Surface replication for direct measurement is a technique that has spanned many applications and many difer-
ent materials have been investigated1–13. While the application of surface molds is becoming wide spread, few 
studies have attempted to quantify the accuracy of the mold to create a surface replica1,3,4,12. One study found 
that diferences in measured surface features were caused by diferences in material color and transparency when 
analyzing by laser proflometry12. Other studies directly compared diferent replicating materials. For example, 
a study by Goodall, et al.1 investigated several diferent materials, including four diferent polyvinylsiloxanes 
(PVSs), two diferent room temperature volcanizing rubber compounds, and one heat-accelerated volcanizing 
rubber compound. Te authors provided a statistical basis for replication accuracy and determined that President 
Jet light/regular body (low/medium viscosity) polyvinylsiloxanes provided the most accurate representations of 
the teeth and jaw samples analyzed, but noted these materials may be less efective on smooth or large surfaces 
(due to the fast cure time of 60 s).1,3 A subsequent study by Macdonald, et al. 3 investigated the ability of four 
diferent polyvinylsiloxanes to accurate replicate the specifc features on the surfaces of a Dama Dama premo-
lar tooth, a penny, and a chert tool confrmed that these low and medium viscosity PVS cannot fully replicate 
complex micro-topologies. It was concluded by Macdonald, et al. 3 that continued and ongoing investigations 
into diferent replicating materials would greatly facilitate more accurate understanding of surface features of 
specimens with complex topologies.

Here, we present the use of Polytek PlatSil 73–25 as a surface replication material following testing of several 
other materials and material additives. To date, there have been no studies investigating this material and its abil-
ity to accurately replicate a surface. In this study, the ability of the PlatSil 73–25 to reproduce a surface of known 
roughness was verifed using surface roughness standards. Additionally, a 3D printed sample cell was created for 
this application to accommodate surfaces varying geometries and orientations for replication. Lastly, this study 
demonstrates the use of PlatSil 73–25 to efectively determine the surface roughness and variability in roughness 
of various surface features that occur on an empty full-scale SNF stainless steel (SS) dry storage canister. An 
SNF storage canister represents an ideal test specimen for this study because it is far too large for movement or 
direct proflometry measurements, but it has been shown that surface roughness may play a role in particulate 
deposition 14–16and pitting susceptibility17–19. Terefore, understanding the variation in surface roughness across 
various features can provide information for canister ageing management programs.

Results
Material Selection
Several materials were initially tested as possible molding materials to be used on an SS plate and an SNF canister 
to determine the surface roughness.19 Initial testing evaluated both usability of the material and the ability of 
the material to replicate the surface. Tese materials were Polygel Brush-On 35 polyurethane rubber, Polytek 
PlatSil73-25 silicone rubber, and Express STD vinylpolysiloxane impression putty. Te Polygel Brush-On 35 
polyurethane rubber and Polytek PlatSil73-25 were evaluated with and without Pol-ease 2300 release agent. Also, 
the Polytek PlatSil73-25 was evaluated with and without the PlatTix thickening agent. Te Polygel Brush-On 
35 Rubber was not efective for this application because it was applied by brushing onto the surface and the 
resulting mold did not successfully replicate the surface—therefore, it was eliminated from further testing. Te 
Express STD vinylpolysiloxane impression putty cured quickly but had an extremely high viscosity which made 
it difcult to apply to the candidate surface, so it was eliminated from further testing. PlatSil73-25 is a 2-part 
silicone that, when mixed, forms a viscous fuid that can be poured into a retaining structure on the metal sur-
face. Afer curing (> 5 h), PlatSil73-25 was easy to remove from the surface and a release agent was determined 
to be unnecessary. Experiments were carried out to determine the impact of the PlatTix thickening agent on 
the PlatSil73-25. Tese tests demonstrated that the more thickening agent used, the sofer the resulting cured 
silicone rubber. Also, the addition of PlatTix resulted in bubbles in the resulting surface mold, and the number 
of bubbles increased with the volume percent of the thickening agent added. Overall, PlatSil 73–25 performed 
best when no thickening agent or release agent was added.

Verification of the effectiveness of PlatSil73‑25 with surface roughness standard
Te ability of PlatSil 73–25 silicone rubber to replicate a surface was verifed using a surface roughness standard 
(SPI Microsurf 326 (Linishing) and SPI Microsurf 315 (Surface Grinding)) collected in a horizontal confgura-
tion. Each standard had six regions, each with a diferent surface roughness corresponding to an ISO surface 
roughness of N3-N8 (Linishing and Grinding) Te six regions featured directional polishing grooves; therefore, 
the roughness was measured perpendicular to the grooves. Two test areas on each standard were replicated with 
the PlatSil73-25. Te confocal measurement was performed using a 658 nm laser using a 20 × objective result-
ing in a Z-resolution of 5 nm and spatial resolution of 230 nm. Roughness was determined via a line analysis 
at several transects across the grooves. PlatSil 73–25 was applied across sections of the standard correspond-
ing to N3 (Ra = 0.10 µm; Rz = 0.90 µm), N5 (Ra = 0.4 µm; Rz = 2.60 µm), N7 (Ra = 1.60 µm; Rz = 18.5 µm), and N8 
(Ra = 3.2 µm; Rz = 15.6 µm) (Fig. 1), and all the standards surfaces were measured directly and compared with 
the replicating molds.
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Te surface roughness standard was measured directly at the N3, N5, N7, and N8 locations as a calibration 
check of the confocal microscope. Te measured Ra values were systematically higher than the roughness value 
listed on the standard and are shown in Table 1. Validation plots for Ra and Rz showing the direct measured 
roughness and mold roughness compared to the expected roughness are shown in Fig. 1a. Overall, the directly 
measured surface roughness corresponds well with the expected values on the surface roughness standard with 
an average error across all surfaces of 2.6%. Similarly, the mold generally produced a surface that matched the 
expected Ra with an average error of 7%. Tis was largely driven by the 21% error seen in the N3 location. PlatSil 
73–25 was able to replicate a rougher surface more accurately, probably due to the high viscosity of the polymer 
(~ 6000 cp–like molasses) which may prevent penetration of the epoxy into the smaller surface features, especially 
those with high aspect ratios. For the rougher test areas (N8) the long-range waviness (ʎc) was not removed. Te 
Rz value for the direct measurement corresponds well with the expected Rz on all cases except for the N8 surface, 
where the expected value was 15.600 µm and the measured value was 19.243 µm. Te mold produced Rz values 
that were systematically higher than the measured and expected values. Interestingly, the N8 surface mold more 
closely resembled the measured value than the expected value, it is unclear why both deviated from the expected 
value. Overall, the excellent agreement between the replicating mold and the directly measured surface rough-
ness standard can be seen visually in the 3D topographic map in Fig. 1b, where the molded surface is seen on 
top and the surface roughness standard is on bottom for N3, N5, N7, and N8.

Fig. 1.   (a). Measured surface roughness for the mold samples versus the measured surface roughness standard 
shown with a 1:1 line for Ra and Rz. (b) 3-D topographic maps of the surface roughness standards and the 
corresponding replica. Slight ofsets in the images are due to small diferences in the image size.

Table 1.   Expected surface roughness values shown with the directly measured surface and measure mold 
values for N3, N5, N7, and N8. Replication error is shown in parentheses. a Long range waviness ʎc was not 
removed. b Error calculation: (Measured – Mold Measured) / Measured.

ISO Grade

Ra(µm) Rz (µm)

Expected Measured Mold Measured (Errorb) Expected Measured Mold Measured (Errorb)

N3 (Linishing) 0.100 0.102 0.121
(− 0.19) 0.900 1.228 1.699

(− 0.38)

N5 (Grinding) 0.400 0.406 0.394
(0.03) 2.600 2.569 3.128

(− 0.22)

N7 (Linishing) 1.600 1.545 1.578
(− 0.02) 18.500 18.773a 19.185a

(− 0.02)

N8 (Grinding) 3.200 3.310a 3.342a

(− 0.01) 15.600 19.243a 20.359a

(− 0.06)
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Test application: stainless steel spent nuclear fuel dry storage canister
To date, much of the work done in creating surface replicating molds has focused on archeological or biologi-
cal (e.g., teeth) specimens. Te roughness of a SNF dry storage canister has not previously been characterized 
due to its large size. Te canister surveyed was NUHOMS 32 PWR Canister. Canister locations were chosen to 
represent the range of surface features present, to capture the representative mill fnish canister surface, ground 
weld regions, the weld-adjacent heat afected zones (HAZ), and any other regions that showed evidence of grind-
ing or alteration during manufacturing. Te canister surface mill fnish was expected to fall within the range of 
the surface roughness standards—from 0.1 μm < Ra < 3.2 μm and 0.90 μm < Rz < 18.5 μm. Locations of surface 
features (e.g. grinding marks, welds, etc.) on the canister were marked and the radial and lateral coordinates 
were determined.20.

Te canister was oriented in a horizontal confguration and radially aligned by a drain hole in the grappling 
ring at the bottom. Specifc alignment details can be seen in Knight, et al. 21 and visualized in Fig. 2. When the 
drain hole is aligned vertically (top and bottom), the canister is in its standard orientation. In this orientation, 
the longitudinal welds are at ~ 140° and 320° radial positions (when looking at the grappling ring) and extend 
the full length of the canister until intersected by circumferential welds at each end. Te orientation of the 
coordinate system is shown in Fig. 2a, where the longitudinal origin is at the open end of the canister (where 
the SNF is loaded) and increases toward the grappling ring and the axial origin is the center of the topside and 
increases in a clockwise direction.

Examples of the surface features replicated in this study are shown in Fig. 2b and Fig. 2c. Regions investigated 
include welds, the weld adjacent HAZs regions, and mechanically altered regions. Te mechanically altered 
regions investigated include i) large post-manufacturing bands (~ 6 inches to 1 foot wide) extending several feet 
circumferentially around the canister, ii) specifc areas (a few square inches) that have been spot-ground, and 
iii) circumferential regions near the top and bottom of the canister that have undergone additional alterations.

Fig. 2.   NUHOMS 32PTH2 Canister; (a) schematic of canister in standard orientation with features of interest 
including longitudinal and circumferential welds and grappling ring; (b) side view of the canister to point out 
the longitudinal weld, the circumferential weld (Inner Bottom Cover Plate), as well as normal surface regions 
and the post manufacturing bands 22. (c) Photo of the bottom of the canister showing the grappling ring, bottom 
surface, and grind marks.
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Te sample number and the surface feature they were used to sample are presented in Table 2 along with the 
corresponding measured Ra and Rz values of the surface replicating mold. For each region, the surface mold 
replicate was taken using the sampling cell and PlatSil73-25.

Normal surface roughness
Six locations on the canister were chosen to evaluate the mill fnish and to evaluate the variability of the normal 
surface roughness across the canister (Samples 1–6). Te locations were chosen to avoid any abnormal surface 
features such as grinding marks or welding bands. Figure 3 shows the canister sample images of the mold in-situ 
and optical image, and the 3D profle of the surface. From the images in Fig. 3 and the surface roughness values 
from Table 2 for Samples 1–6, it is clear that the mill fnish across the canister is relatively uniform, where the 
average Ra = 0.79 ± 0.04 μm and Rz = 4.19 ± 0.3 μm. Tere does not appear to be any directionality, as horizontal 
and vertical line scans resulted in similar surface roughness values. Tis surface roughness corresponds to about 
a 180-grit surface (Ra = 0.76 μm 23). Also, these values fall within the range of the roughness standards. Long 
range waviness was removed from all these samples, consistent with the calibration test.

Two samples were collected from the bottom of the canister near the grappling ring. Te bottom of the 
canister is diferent from the rest of the canister surface as it has fne, uniform grooves likely from machining. 
Like the normal surface, the bottom of the canister had several randomly distributed grind marks. One sample, 
Sample 17, was collected to be representative of the bottom surface, and Sample 16 was taken from a grind mark 
on the bottom surface of the canister. Te normal bottom surface topography (Sample 17) was uniform with 
small surfcial grooves that run parallel to larger grooves at a uniform interval, about every 250 µm (Fig. 3). Te 
reported Ra and Rz values did not use a ʎc flter because the flter removed the long-range features of the surface. 
Again, this treatment of the ʎc flter is consistent with the calibration test. Te overall surface on the bottom 
of the canister was much rougher than the normal surface roughness seen on most of the canister and had an 
Ra = 2.66 µm and Rz = 11.34 µm and corresponds to a < 80-grit surface.

Post‑manufacturing band
Apart from the normal surface, the next most common surface features on the canister were large circumferential 
bands that occurred periodically, as seen in Fig. 3. Tese regions were visually distinct from the normal surface 
and possibly attributed to direct contact with the rollers when the canister was manufactured. One sample 
(Sample 12) was collected from one of these bands to evaluate the deviation in the surface roughness compared 
to the normal canister roughness. Te sample results are shown in Fig. 3 and Table 2. Visually, these features 
resemble the topology of the normal surface, however the features appear to be muted (Fig. 3). Te Ra and Rz 
values of this surface feature were smaller than those for the normal surface – thus representing a smoother 
surface. Te Ra value was determined to be 0.53 ± 0.01 µm and the Rz was determined to be 2.54 ± 0.4 µm. Based 
on the measured Ra value, this surface is slightly rougher than a 220-grit fnish.

Weld regions and less common features
Welds and the weld-adjacent HAZs are of great interest on an SNF canister, as these regions are likely to contain 
high weld-related tensile stresses and hence are likely to be the most susceptible locations for chloride induced 
stress corrosion cracking (CISCC). For this discussion, the weld adjacent HAZ refers to the unground area 

Table 2.   Sample number, canister feature, approximate canister location, measured surface roughness (Ra and 
Rz), and scan direction for each surface mold collected from the canister.

Sample # Canister feature Ra (μm) Rz (μm) Analysis scan orientation

1 Normal Surface (mill fnish) 0.78 4.27 Vertical

2 Normal Surface (mill fnish) 0.78 4.33 Vertical

3 Normal Surface (mill fnish) 0.84 4.40 Vertical

4 Normal Surface (mill fnish) 0.84 4.51 Horizontal

5 Normal Surface (mill fnish) 0.76 3.88 Horizontal

6 Normal Surface (mill fnish) 0.75 3.75 Vertical

7 Circum. Weld (Inner Bottom Cover Plate) 0.52 2.65 Vertical

8 Circum. Weld (Inner Bottom Cover Plate) 0.53 3.00 Vertical

9 Longitudinal Weld 1.41 1.86 Vertical

10 Longitudinal Weld 1.05 1.54 Vertical

11 Longitudinal Weld 0.81 1.58 Vertical

12 Post Manufacturing Band 0.53 2.54 Vertical

13 Grinding near with Support Ring Inner Circum. Weld 1.30 2.34 Vertical

14 Grind Mark 0.80 2.36 Vertical

15 Grind Mark 1.08 3.43 Vertical

16 Canister bottom – Grind Mark 0.61 3.14 Horizontal

17 Canister bottom (ʎc flter was not applied) 2.66 11.34 Horizontal
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adjacent to the ground weld. When the SNF canister welds were manufactured they were ground fush to the 
surface; therefore, there is no clear weld toe and the boundary between the weld and the HAZ is not distinct. 
Te likely width of the HAZ is 1–2 cm,24 so some amount of the HAZ extends outside of the relatively narrow 
ground area of the weld on either side of the weld. Two longitudinal welds 180° apart span the entire length of 
the canister and are visible in b. Tere were also circumferential features associated with welds at the top and 
bottom of the canister. Te circumferential band at the top of the canister is the external HAZ associated with 
the internal weld used to mount the inner support ring and was about the same width as the longitudinal weld. 
Te circumferential weld at the bottom of the canister was ~ 5–7.5 cm (2–3 inches) wider than the longitudinal 
weld and visually appeared to have much more surface variation in the HAZ than in the weld region.

Two samples were collected from the circumferential weld at the bottom of the canister (Sample 7- 8). Like 
the longitudinal welds, the circumferential welds were ground to remove the surface weld beads. In contrast 
to the circumferential feature represented by Sample 13, the surface features observed in the bottom circum-
ferential weld were visibly larger and smoother when looking at the canister surface. Te surface roughness of 
Samples 7 and 8 more closely resembled the large, post-manufacturing band, but had the directionality of the 
welded regions. Te measured roughness of this canister feature was Ra = 0.52 ± 0.01 µm and Rz = 2.82 ± 0.2 µm 
corresponding to a 220-grit surface fnish. Relative to the longitudinal welds, there is much less variability in the 
Ra and Rz values as well as smaller Ra values overall.

Tree samples were collected from the longitudinal welds (Samples 9–11); Samples 9 and 10 were bisected by 
the weld and therefore also included the unground weld adjacent HAZ regions (Fig. 3). Te diferences between 
the weld region and the weld-adjacent HAZ region can be observed visually on the surface mold and in the 3-D 
maps. From the 3-D topographic maps of the welded regions, they appeared to exhibit some directionality in 
which fne surface features were parallel to the weld direction. Tis is due to grinding of the weld beads afer 
welding. Te proflometry scan direction was analyzed perpendicular to the directionality to account for this 
directionality. 3-D topographic maps collected from the HAZ regions resemble the mill fnish, and do not appear 

Fig. 3.   Examples of the mounted surface mold, optical image of the surface mold, and a 3-D topographic map 
of the surface obtained by laser proflometry analysis demonstrating diferent features on the canister surface. 
Te scales bars apply to both the 2D and 3D confocal images.
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to have any clear directionality. Tis was expected since the weld adjacent HAZ regions are typically not ground 
afer welding. Te average surface roughness values for the longitudinal weld regions were Ra = 1.09 ± 0.3 µm and 
Rz = 1.66 ± 0.2 µm. Tese regions had a higher Ra value than the normal surface but a lower Rz value. Tis suggests 
the roughness of the weld in terms of surface variability is greater than the normal surface, consistent with the 
visible grind marks; however, the depth of the features observed was generally smaller. Te variation was much 
more substantial than seen for the normal surface. Samples 9, 10, and 11 were placed very close to each other in 
the longitudinal direction along the weld. However, the surface roughness varied a bit across the samples, Sample 
9 had an Ra = 1.41 µm and Sample 11 had an Ra = 0.81 µm. Te weld regions on average corresponded with a 
grit of ~ 150, however the corresponding grits for this large Ra range for the welds varies from about 120-grit to 
180-grit. Tis variability was likely caused by the highly subjective and variable nature of hand-grinding. Te 
associated images of the HAZ regions, which are the unground regions adjacent to the welds, were evaluated by 
analyzing the top section of Samples 9 and 10, are shown in Fig. 3. Tere was no clear directionality of the HAZ 
region, and topographically, the HAZ regions resemble the normal surface, and have a similar Rz value, though 
the Ra value is very diferent. Te average HAZ roughness is Ra = 3.11 ± 0.2 µm and the is Rz = 3.24 ± 0.1 µm. Due 
to the large Ra, the HAZ regions resemble a surface fnish of 60 – 80 grits.

One sample was collected from the intersection of the longitudinal weld and the external weld adjacent HAZ 
region resulting from the circumferential weld at the top of the canister (Sample 13). Te external surface appears 
to have been ground spanning the entire circumference. In addition, a few small pits were visually observed 
and evaluated by proflometry. Te topographic map of this sample showed directionality parallel to the weld 
direction. Te measured Ra was 1.30 ± 0.2 µm and Rz was 2.33 ± 0.5 µm. Tis surface roughness was very similar 
to Sample 9, which was the roughest of the longitudinal weld samples and corresponded to a surface roughness 
of about 120-grit. Tis region was not as rough as the HAZ associated with the longitudinal welds; however, the 
Ra was much higher than other regions that had been ground.

Scattered across the canister were small regions that had been ground (seen in Fig. 2b,c). It is unclear why 
these regions were ground, however there are many of them across the canister surface. Tese grind regions may 
have been performed post manufacturing to remove specifc faws. Two locations were chosen to evaluate the 
surface roughness of these ground regions (Samples 14–15). Te grind marks were visually distinct features on 
the canister and both samples had visible pits in the sampled region. Te 3-D topographic maps of the surface 
resemble other features that have been further altered beyond the normal surface topography. Tere is clear 
directionality in the orientation of the surface features that align parallel to the canister direction, like the welds. 
Te average Ra was 0.94 ± 0.2 µm and Rz was 2.90 ± 0.76 µm. Tere was a decent amount of variability between 
the two samples and the roughness spanned comparable grinding roughness of 150–180 grit.

Figure 4 shows all the measured surface features and their respective Ra and Rz values. For unground areas like 
the normal surface and machined features the Rz was approximately 4 times higher than the Ra indicating that 
the peaks and valleys on the surface are much deeper than the average surface. Overall, individual measurements 

Fig. 4.   Rz versus Ra for each of the replicas on diferent surface features. Te grey area denotes the bounds of the 
region that was validated using the roughness standards.
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on each type of surface were grouped tightly (with exception of the canister bottom surface) indicating a high 
amount of consistency in the topography of the surface across the canister. All measurements also fell within 
the bounds validated using the surface roughness standards, which provides a high degree of confdence that 
the replicated surface measurements are representative of the physical surface.

Surface anomalies
Mechanically-induced surface pits were observed on the canister surface co-located with three samples (Sample 
13–15) and are shown in Fig. 5. Tese pits did not form by corrosion but rather are due to some mechanical 
process (gouges), or formed during welding (weld voids). In total, 20 pits were identifed and analysis via pro-
flometry of these pits was performed to assess their size and aspect ratio. Te pits were generally hemispherical 
or semi-hemispherical with signifcant variability in the pit depth and width. Te pits were shallow, as the aver-
age pit depth was 31.63 ± 19.8 µm, and the deepest measured pit was 85.67 µm (Sample 14). Te pit width was 
generally much larger and more variable than the depth and ofen more than hundreds of microns wide, ranging 
from 48.15 µm (Sample 14) to 1878 µm (Sample 15). Figure 5 shows the distribution of pit width and depth of 
all the measured pits associated with Samples 13–15. Te average aspect ratio was calculated (excluding the two 
outliers from Sample 14 with an aspect ratio near 1) as [Pit Depth/Pit Width] and was plotted on the pit width 
versus pit depth graph. Overall, the average aspect ratio of the pits was 0.04 ± 0.02, which represents a very shal-
low wide pit. Te cumulative probability plot of the aspect ratio (Fig. 5c) shows that most of the pits > 90% had 
an aspect ratio < 0.1.

Te goal of evaluating these anomalous canister surface features is to assess the ability of the mold to capture 
complex geometries and allow for in-depth characterization. Te ability to characterize minuscule surface fea-
tures creates a tool for surface evaluation and a guide for surface replication. Macdonald, et al. 3 evaluated the 
efectiveness of Coltene Afnis ® (light and heavy body) and Heraeus Kulzer Provil® novo (light and medium 
body) to replicate the surface features of a penny and determined that all four measurements produced rough-
ness’s that overestimated the size of the feature. While it is not possible to directly measure the size and shape 
of the pits evaluated on the canister surface, based upon their size and the calibration data, it is likely that the 
mold represents the size of the feature well. However, more work would be needed to statically inform this claim.

Discussion and conclusions
Quantifying the ability of a surface replicating mold to accurately mold a surface can enable its use for a variety 
of applications. Afer evaluation of several diferent materials, including Polygel Brush-On 35 polyurethane 
rubber, Polytek PlatSil73-25 silicone rubber (with and without PlatTix), and Express STD vinylpolysiloxane 

Fig. 5.   (a) Pit analysis of a pit from Sample 14. Te main pit is semi-hemispherical, shallow, and wide. Tis 
pit displays a small crack-like feature extending out from the rim of the pit. (b) Te pit width versus pit depth 
shown with the average and standard deviation of the pit aspect ratio (excluding the two outliers with a high 
aspect ratio) shown with the standard deviation (σ), and (c) Cumulative probability versus aspect ratio of the 
mechanical pits identifed.
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impression putty, the Polytek PlatSil73-25 (without PlatTix) was selected for further evaluation due to its 
ability to replicate the surface, lack of bubbles, and its ease of use for complex sample geometries. Te ability of 
Polytek PlatSil73-25 to accurately replicate a surface was demonstrated for the range of Ra = 0.1 µm to 3.2 µm 
and Rz = 0.9 µm to 18.5 µm using surface roughness standards with surfaces corresponding to ISO grades N3, N5, 
N7, and N8. Overall, the mold roughness, Ra, agreed well with the expected surface roughness but the Rz value 
systematically overestimated. Tis overestimation may be due to diferences in refectivity between the standard 
(metallic) and the replica (polymeric) as well as asymmetry in the surface feature distributions, such as when 
valleys on the standard become peaks in the replica and vice versa. Te molding material was able to accurately 
capture the magnitude and location of the peaks and valleys in the surface standards despite a small systematic 
ofset. For the standards, the Rz of the N8 surface, measured directly and measured of the surface replicating 
mold, deviated the most from the expected value likely due to error in the surface standard that was used. To 
the best of our knowledge, this report is the frst study evaluating the ability of PlatSil73-25 to accurately mold 
a surface and to perform a mold calibration with surface roughness standards.

Polytek PlatSil73-25 was applied to determine the surface roughness of a full scale SNF canister (NUHOMS 
32PTH2-S023-C-H-001) to better understand the variation in normal surface roughness as well as provide an 
understanding of the diferences in surface roughness of specifc canister features (welds, grind marks, etc.). 
While there is no way to directly evaluate the canister surface to verify the accuracy of the molds, because the 
measured surface roughness falls within the calibrated range, we have confdence that the measure mold Ra 
values are accurate, and the measured mold Rz may slightly overestimate the actual Rz. Te surface roughness 
of the normal, mill fnish canister surface was Ra = 0.79 ± 0.04 μm and Rz = 4.19 ± 0.3 μm and corresponded to 
approximately a 180-grit fnish. Features on the canister surface produced some variability in the surface rough-
ness. For example, the weld areas were ground, and the measured surface mold roughness corresponded to an 
Ra = 1.09 ± 0.3 µm and Rz = 1.66 ± 0.2 µm. A large post-manufacturing band was also evaluated, and the resulting 
mold has an Ra = 0.53 ± 0.01 µm and Rz = 2.54 ± 0.4 µm, which was smoother than the normal canister surface. A 
subset of samples collected from grind marks on the canister surface showed that these grind marks were treated 
in a similar way to the welds — though not as extensively—and produced an Ra was 0.94 ± 0.2 µm and Rz was 
2.90 ± 0.76 µm. In addition to the roughness of the surface, specifc anomalous surface features (i.e., mechanical 
pits) were evaluated and their size and shape was quantifed.

Tis exercise has produced the frst detailed analysis of the surface roughness of a full scale SNF canister. 
Tis may have implications on dust deposition for in-service canisters. Tis method will allow for an in-feld 
determination of the surface roughness of parts that cannot be sent directly to a laboratory facility for direct 
measurement.

Additional studies using PlatSil73-25 on other types of samples should be performed to compare against 
other mold materials that have demonstrated success through a rigorous statistical evaluation. Te useability of 
the PlatSil73-25 may enable its use for a variety of diferent sample types and geometries on metals surfaces. To 
date, no studies have been performed on ceramic, polymeric, or other types of surfaces, though it is likely the 
mold will create a functional surface replicate.

Methods
Surface replicating materials
Tree diferent materials were evaluated for this study, Polygel Brush-On 35 polyurethane rubber, Polytek Plat-
Sil73-25 silicone rubber, and Express STD vinylpolysiloxane impression putty. Modifcations were explored 
for the Polygel Brush-On35 and the PlatSil73-25. Specifcally, the Polygel Brush-On 35 polyurethane rubber 
and Polytek PlatSil73-25 were evaluated with and without Pol-ease 2300 release agent. In addition, the Polytek 
PlatSil73-25 was evaluated with and without the PlatTix thickening agent. All materials were mixed following 
the manufacturer specifcations.

Sample cell and surface sampling
A sample cell was designed so that the molding material could cure on a surface in any location and orientation19. 
Tis sample cell was designed to adhere to a surface using an adhesive gasket and then be injected with the 
molding material in situ. Based on the surface features of interest for this sampling technique, the sample cell 
window was created to be 25.4 mm (1 inch) in diameter. Tis small size meant it could be analyzed using most 
lab-scale proflometry methods (stylus, optical, etc.). A drawing of the sample cell is shown in Fig. 6a and example 
sample cell in Fig. 6b.

Te surface replication technique used followed a simple procedure to create a negative replica of a surface 
to be analyzed by laser proflometry. To achieve the sample mold, frst, an adhesive gasket was used to adhere 
to sampler to the specimen surface. Next, the Polytek PlatSil73-25 silicone rubber was mixed in a 1:1 ratio per 
vendor instructions and the mixed contents were transferred to a 10 mL syringe. Te syringe was directly con-
nected to the sample cell inlet via Luer lock ftting, and the silicone rubber was injected into the sample cell until 
it flled the sample cell and a small amount escaped through the air vent to ensure that the cell was flled. Te 
sample cell, flled with the surface replicating material, was allowed to cure (~ 24 h). Once cured, the adhesive 
gasket and sample cell were carefully peeled of the surface and the solidifed silicone rubber puck with a negative 
replica of the surface (Fig. 6c) was analyzed by proflometry.

Profilometry
Te surface roughness of the material in the sample window was evaluated using a Keyence VK-X150 laser 
scanning confocal microscope. For each sample, a stitched image was acquired using a 50 × standard working 
distance (WD) objective to create analysis regions of ~ 550 μm × 755 μm for molded samples or 3000 μm × 200 μm 
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for unidirectional surface roughness standards. To determine the size of larger/anomalous features (e.g., pits), 
a 10 × standard WD objective was used. Images were plane leveled, and a medium height cut was applied prior 
to analysis for noise reduction. An average of 11-line profles were collected across the image in both directions 
and reported surface roughness was from the direction where the roughness was highest, and the standard 
deviation was lowest.

Te line scans were averaged to determine the Ra and Rz for each sample. Ra represents the arithmetic mean 
of the absolute surface roughness25,26, calculated by:

where l is the length of the line scan, and |z(x)| is the absolute value of the surface topography as a function of 
position in the x direction. Rz is the deviation between the highest peaks to the lowest valley on the surface25. 
Tis is calculated by:

where RP is the height of the peak and Rv is the depth of the valley. Long range waviness was removed using a 
cutof value of ʎc = 0.025 mm and was applied to all samples (unless noted).

Data availability
Te authors declare that the data supporting the fndings of this study are available within the paper and its Sup-
plementary Information fles. Should any raw data fles be needed in another format they are available from the 
corresponding author upon reasonable request. Source data are provided with this paper.
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