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EXECUTIVE SUMMARY 
 

 
Tritium gas sample bottles and manifold components require passivation surface treatments to minimize 
the interaction of the hydrogen isotopes with surface contamination on the stainless steel containment 
materials.  Conventional passivation processes using chemical and electrochemical means are usually 
insufficient to passivate tritium containment vessels and piping.  Previous work demonstrated that both 
nitric acid and citric acid passivation on stainless steel would not prevent the catalyzed isotope exchange 
reaction H2 + D2 → 2HD, while electropolishing passivation resulted in surfaces that did not catalyze this 
hydrogen isotope exchange. The current vendor for surface passivation treatment, Tek-Vac Industries Inc., 
provided the best passivation technology for the stainless steel components used at SRTE. However, this 
vendor recently built gas sample bottles that failed to meet site criteria and has since ceased operations. 
The loss of this vendor created a source gap, as well as a knowledge gap. A practical and reliable robust 
process to develop tritium passive surfaces is needed. 

The need for alternative processes to the proprietary Tek-Vac process encouraged Savannah River 
Tritium Enterprise (SRTE) to pursue several passivation options. This document summarizes the effort to 
evaluate electroless plated nanodiamond coatings as a passivation layer for stainless steel. In this work, 
we developed an electroless nanodiamond (ND)-copper (Cu) coating process to deposit ND on stainless 
steel parts with the diamond loadings of 0%, 25% and 50% v/v in a Cu matrix. The coated Conflat 
Flanged Vessel Assemblies (CFVAs) were evaluated on surface morphology, composition, ND 
distribution, residual hydrogen release, and surface reactivity with deuterium.  

For as-received Cu and ND-Cu coated CFVAs, hydrogen off-gassing is rapid, and the off-gas rates of H2 
was one to two orders of magnitude higher than that for both untreated and electropolished stainless steel 
CFVAs, and hydrogen and deuterium reacted to form HD as well. These results indicated that residual H2 
was entrapped in the Cu and ND-Cu coated CFVAs during the coating process, and moisture was 
adsorbed on the surface, and ND and/or Cu might facilitate catalytic isotope exchange reaction for HD 
formation. However, hydrocarbons (i.e., CH3) did not form and did not appear to be an issue for the Cu 
and ND-Cu coated CFVAs. After vacuum heating, residual H2 and adsorbed H2O in the Cu and ND-Cu 
coated CFVAs were dramatically reduced. The H2 off-gassing rate after the vacuum treatment of Cu and 
50% ND-Cu coated CFVAs was on the level of 10-14 l mbar/s cm2, while H2O off-gas rate was on the 
level of 10-15 l mbar/s cm2, consistent with the untreated or electropolished stainless steel CFVA, but the 
HD formation remained.  
 
The Restek EP bottle was used as a reference for this work. The Restek Electro-Polished (EP) bottle and 
their SilTek coated bottles tested under a different research project exhibited very little hydrogen off-
gassing and unmeasurable HD formation. ND and Cu were initially chosen to develop improved 
passivation technology, because Cu has a lower permeability of hydrogen, and diamond is more inert than 
other materials under a hydrogen atmosphere. However, our tests demonstrated that even after an 8-18 
day vacuum extraction heat treatment, the electroless plated Cu and ND-Cu coated stainless steel CFVAs 
exhibited H2 off-gassing rates that were just comparable to those for the untreated or electropolished 
stainless steel CFVA, and the HD formation was still observed. Thus, the Restek Electro-Polished (EP) 
bottle outperformed the electroless plated Cu and ND-Cu coated stainless steel CFVAs, and the 
electroless plated nanodiamond coating is not promising as a surface passivation technology. However, 
the ND-Cu coating may be beneficial to another application in which catalyzing the H2-D2 exchange 
reaction is desired.  
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1.0  Introduction 
 
Tritium gas processing systems use several stainless steel alloys (e.g., Types 304L, 316L, and 347) for the 
processing lines.  In addition, many of these stainless steels alloys are used to make 1) tubes leading from 
sample points in the process to mass spectroscopy systems, 2) the inlet manifolds and systems for these 
mass spectrometers, and 3) hydrogen isotope calibration standard bottles. These components are often 
passivated to prevent the stainless steel surfaces from catalyzing hydrogen migration and reactions with 
nitrogen, carbon, etc. in the stainless steel and to resist residual hydrogen in the stainless steel from 
diffusing into the vessel interior and contaminating the gas. Industrial surface passivation processes 
include nitric acid passivation, citric acid passivation, and electropolishing [1-3]. Tests of containers 
treated with these processes have not provided the same level of passivation that was achieved by the 
current vendor a small company called Tek-Vac Industries Inc. Recently Tek-Vac has built a number of 
gas sample bottles that do not meet site criteria and has subsequently ceased operations. Thus, SRNS 
needs to develop a reliable and robust stainless steel passivation treatment and to understand the 
properties that enable the surfaces to be “passive”. 
 
Previous research has been conducted at Savannah River National Laboratory (SRNL) and Savannah 
River Tritium Enterprise (SRTE) to evaluate alternative commercial passivation technologies. For 
example, it has been demonstrated that the nitric acid and citric acid passivation processes do not prevent 
the isotope exchange reaction H2 + D2 → 2HD which is an indicator of improved performance for tritium 
service.  The electropolished passivation process resulted in surfaces that were less likely to catalyze this 
hydrogen isotope exchange reaction [4]. More recently, test containers that were surface passivated by 
five different vendors (Tek-Vac, three vendors using electropolish/acid clean/water rinse processes, and 
one vendor using chemical vapor deposition (CVD) of silicon) were loaded with tritium and evaluated by 
monitoring impurity in-growth into the gas over time. The results indicated that 1) the only observed 
impurities in the gas were some HT, less CT4, and very small amounts of T2O in all cases, 2) the current 
vendor (Tek-Vac) treated containers contained the fewest impurities, and 3) the CVD silicon treatment 
resulted in the highest impurity levels [5]. The electropolishing treatment appeared to generate a 
chromium oxide (Cr2O3) layer in thickness of 0.7-4 nm, while the CVD silicon coating appears to be SiO2 
with a thickness of ~200 nm [6]. However, a knowledge gap remains as to the mechanism for 
“passivation”, and it has been demonstrated that practical and robust technologies are not readily 
available. There was a difference in the tritium testing between the preferred treatments and the tested 
treatments but it was at most a factor of 2, not orders of magnitude. 
 
An alternative material and process for passivation are of interest and that leads SRNL to consider using 
nanodiamond (ND) encapsulated in a metal matrix.  The rationale for this composite coating as a viable 
passivation layer follows.  Diamond is the hardest and, at low temperature, most stable material known. It 
is stable against various chemicals and radiation attack (including beta particles) [7]. In fact, diamonds 
have been investigated as radiation detectors [7,8]. Although hydrogen radicals may diffuse into its first 
4-5 atomic layers [9], diamond is more inert than other materials under a hydrogen atmosphere, and its 
surface reactivity is less than 1% of that of graphite [10]. Based on these characteristics it was 
hypothesized that ND coatings on the stainless steel parts might be more reliable and enduring than the 
current electrochemical passivation processes due to its mechanical and chemical stability. In addition, a 
passive ND coating requires a suitably less reactive matrix material, and copper was chosen, because Cu 
has a lower permeability of hydrogen and it was the only non-nickel surface that Engis (Wheeling, IL) 
was willing to plate. Electroless copper was plated with the ND to prepare the ND passivation coating. 
This layer will act as a barrier between the substrate and gas. A thorough investigation to determine the 
appropriate attributes and characteristics was needed.   
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In this project, we investigated an electroless copper plated nanodiamond (ND) coating as a stainless steel 
treatment. Diamond loadings of 0%, 25% and 50% were targeted for this project. The ND coated stainless 
steel parts (i.e., Conflat vacuum components) were evaluated on surface morphology, composition and 
ND distribution, internal hydrogen release, surface reactivity with deuterium, and hydrogen isotope 
exchange.  

2.0 Experimental Procedure 

2.1 Plating processes for ND coatings 
 
The ND coating was comprised of three main material components. The first was a nickel strike and was 
plated in a Wood’s nickel strike plating bath and was used as a base layer to promote adhesion of copper 
to the type 304L stainless steel. The bath make-up was low nickel metal and high acid content. The 
second component was an electroless copper. For this layer, the Accu-Labs 855 Electroless Copper 
plating process was used. The solution is a mixture of two proprietary components, 855-M and 855-A, as 
well as small percentages of liquid caustic soda (50% High Purity) and formaldehyde (37% High Purity) 
in deionized (DI) water. Another proprietary component, 855-R acts as a replenishment to replace the 
copper and activator components consumed during the electroless plating process. The third component 
was nanodiamond (ND). The 65 nm ND used in this project was acid cleaned, and suspended in the 
copper plating solution to create the electroless copper-ND composite coating. The elemental impurities 
of this ND were analyzed using Inductively Coupled Plasma–Optical Emission Spectroscopy (ICP-OES), 
and its particle size distribution (PSD) was analyzed using CPS Disc Centrifuge Nano Particle Size 
Analyzer. 

The experimental approach for this coating application included steps to ensure that the stainless steel 
parts were acid cleaned, and NDs are then co-deposited with Cu matrix on the desired surfaces (e.g., tube 
interior) of Type 304L stainless steel Conflat vacuum components through electroless plating while the 
other surfaces are masked. Additionally, acetone was used to clean any oils on surface of the parts. 
Masking tape was used to mask critical knife seals on different parts and the parts were fixtured to 
prevent moving during plating. The parts were then cleaned using a mild abrasive cleaner and soft scotch-
brite pads in water to ensure that no water-breaks were present. After cleaning, the parts were placed on 
steel hooks and hung in the Wood’s nickel strike solution. The parts were first etched in reverse polarity 
in the Wood’s nickel before the current was reversed and a thin layer of nickel strike was deposited over 
the entire part. Following the nickel strike, the parts were rinsed thoroughly in clean running DI water and 
immersed in the electroless copper plating solution. The parts were plated for a period of 60 minutes in 
plating solution containing sufficient diamond concentration to create the desired concentration (0%, 25% 
and 50% ND in Cu) in the deposit. The parts were then removed and rinsed again with clean running DI 
water before they were dried using compressed air, and the masking was removed and the parts were 
cleaned again as necessary. Finally, the external surfaces were plated with Cu for appearance sake. 

The stainless steel assemblies were comprised of a standard 304L 125 mm 275-150-N nipple with a blank 
flange on one end and a Conflat flange (CF) to VCR adapter on the other, copper gaskets were used for 
seals; the vessels have a nominal volume of 100 ml. The stainless steel parts, as summarized in Table 2-1, 
were provided by SRNL and electrolessly plated in the ND-Cu plating bath by the contracted vendor 
(Engis Corporation). The coated stainless steel parts were subsequently characterized using various 
analytical methods. Gas containing Conflat Flanged Vessels Assemblies (CFVAs) were made by 
assembling the nipple and flanges using copper gaskets and stainless steel bolts. The assembled CFVAs 
were evaluated for the surface reactivity with hydrogen and deuterium by initially evacuating the CFVAs 
and loading them with between 500 and 800 mTorr of deuterium gas. The gas was sampled after a week 
and then periodically for a period up to 110 days. A second lot of components for CFVAs was 
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subsequently vacuum degassed and reloaded with deuterium for a one week exposure followed by the 
addition of approximately 500 mTorr of protium. 
 

Table 2-1.  Stainless Steel Parts plated at Engis Corporation. 

 

Parts 
Numbers of Parts Plated with Different 

Nanodiamond loads in Cu matrix 
Cu (0%) 25 % 50 % 

2.75” Conflat® flanged pipe nipples, as machined 2 2 2 

2.75” Conflat® flanged pipe nipples, as electropolished 2 2 2 
2.75” Conflat® flanges 3 3 3 
2.75” Conflat® flange to 0.25 inch VCR male adapters 2 2 2 

 

2.2 SEM and EDX Characterization 
 
The scanning electron microscope (SEM) used in this project was a Hitachi S3600N with an Oxford 
Instruments INCA Energy for Energy dispersive X-ray (EDX) spectroscopy. The Cu and ND-Cu coated 
flange blanks were examined as-processed to observe surface morphology by SEM-EDX. Typically, the 
SEM images were captured after optimizing the operational parameters (e.g., working distance, 
accelerating voltage and magnification) within the limits of this SEM instrument.  For EDX, the spectra 
were collected using a voltage of 0-10 keV, optimal working distance of 15 mm and a data acquisition 
time of 55 seconds. X-ray mapping was also performed until adequate elemental maps were obtained.  

2.3 Vacuum Heat Treatment 
 
A vacuum tube furnace system was assembled from standard vacuum components. The hardware 
included two Temperature Controllers - Digi Sense 68900-11, two Over Temperature Controllers - Over-
Temp Probe OTP-1800, vacuum - Pfeiffer HiCube 80 Eco, Pressure Gauge - Pfeiffer DualGauge TPG 
362, and RGA - AMETEK Dycor Dymaxion Residual Gas Analyzer.  The software included 
Temperature/Vacuum Pressure monitoring - Labview 15.0, and RGA monitoring - Dycor System 2000.  
A nominal 4 inch tube furnace system was assembled from commercially available stainless steel Conflat 
vacuum components. The heating system used pressure feedback to control the temperature within a 
narrow band of pressures, and a LabView program was written to control the temperature controllers on 
the vacuum furnace. A dead band was programmed in the Pfeiffer Dual Gauge to open the circuit to the 
relay for the heaters when pressure exceeded 1.0×10-6 Torr and to close the circuit after the pressure 
dropped below 9×10-7 Torr. This furnace system was used to extract intrinsic hydrogen entrapped in Cu, 
25% and 50% ND-Cu coated 2.75” Conflat flanged pipe nipples and CF flanges. After loading and prior 
to heating, vacuum pressure was allowed to pull down to <4.0×10-8 Torr. Typically it took ~24 hrs to 
achieve the target vacuum after initially loading the samples. During heating, vacuum pressure never 
exceeded 1.8×10-6 Torr. The vacuum extraction process was stopped after the pressure reached the low to 
mid 10-8 Torr at the target temperature of 350 °C.  The samples were removed after the furnace chamber 
cooled to below 35°C, which took several hours.  The Cu and 50% ND-Cu coated nipples were loaded 
into the furnace at the same time. The samples released hydrogen on heating such that it took nearly 150 
hours (5.83 days) to reach the soak temperature of 350 °C. They were held for at 350 °C for ~280 hrs 
(11.6 days) until the pressure reached the desired value. The 25% ND-Cu nipple was loaded separately, it 
took approximately 74.5 hrs to ramp to 350 °C (3.1 days) and was soaked at 350 °C for ~124 hrs (5.1 
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days). The duration of the soak was dictated by the pressure with the goal of achieving less than 9×10-8 
Torr or less prior to terminating the treatment.       

2.4 Gas CFVA Evaluations and Mass Spectrometry   
 
The nominal 100 cc volume CFVAs were connected to a Swagelok electropolished and cleaned stainless 
steel-4BG bellows valve (Figure 2-1). The internal surfaces of CFVAs were coated with Cu, 25% and 
50% ND-Cu for surface passivation, as described in Section 2.1, while the external surfaces of the 
CFVAs were coated with Pure Cu for decorative purposes. 
 

 
 

Figure 2-1 Photograph of Gas CFVAs 
 
To monitor the off gas performance of each vessel, each was connected to the Pfeiffer quadrupole inlet 
manifold and pumped down to less than 0.01 mbar using a turbo vacuum pump on the inlet system.  The 
bottles were allowed to sit under vacuum for 24 hours and then the mass spectrometer was used to check 
for air in-leakage by monitoring nitrogen and oxygen masses in each bottle. The bottles were then loaded 
to approximately 1 mbar with 99.8% deuterium. In a 100 mL nominal volume bottle this is equivalent to 
adding 100 microliters of deuterium at atmosphere (1 bar). The bottles were closed and allowed to stand 
on the manifold for approximately 1 week. An aliquot from the bottle was then expanded into the 
manifold and then to the mass spectrometer. Masses 1-65 were monitored. Additional aliquots were taken 
over time. The number of aliquots was limited to about 3 samples due to the lowering of pressure in the 
bottles with each aliquot. A mass scan of the deuterium at 1 mbar was used as a background correction 
signal and subtracted from the scans of each aliquot after the aliquot scans were scaled to 1 mbar 
equivalent pressure. This allowed the data to highlight the changes from the reference gas load and 
corrected data for pressure dependent background residual gas in the mass spectrometer. Offgas Data was 
also scaled for the calculated surface area of the vessel. Some of the bottles had a lower background than 
our manifold which resulted in an occasional negative number for very good results. 
 
The mass spectrometer was a 400-5 series Pfeiffer quadrupole with a large HiPACE 400 turbo pump 
backed with a secondary turbo pump station. The spectrometer ran the Inficon Quadera software package 
and normally set to scan to mass 65 using the Secondary Electron multiplier (SeEM) detector with 1700V 
gain. These settings allowed the system to detect impurities at ppm levels in atmospheric pressure 
samples for most gases of interest. A 0.1% change in test samples was easily observed and equivalent to 1 
ppm for nitrogen or carbon monoxide at atmospheric pressure. Sensitivity for hydrogen was 
approximately twice that of nitrogen, but deuterium was equivalent to nitrogen. Mass resolution was set 
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for 0.5 amu. The system was set to continuously scan and store data during measurements. Spectrometer 
pressure was measured using a Pfeiffer PB-260 full range gauge with a hot cathode. Post processing of 
the data with Excel allowed for extrapolating concentrations to load zero time and accounting for 
pumping diffusion rates. System background was limited by the rhenium filaments. The filaments emitted 
oxygen, Rh2+, and Rh+ as well as several trace hydrocarbon and alkali impurities depending on the 
filament batch. Hydrogen, water, carbon monoxide, and carbon dioxide were also present in background 
spectra. The spectrometer was mounted in an aluminum housing for vacuum containment which helped 
maintain a low system hydrogen and water background. A small SAES D100 ion getter pump assisted 
pumping of hydrogen.   
 
Actual measurements were made by collecting a gas sample aliquot from the test CFVA or bottle to give 
a deuterium reading of approximately 2×10-7 mbar on the spectrometer pressure gauge. Typical ion 
currents were from 5×10-7 amps to 2×10-13 amps, which were the sample deuterium peak current and the 
electronic noise floor for the SecEM. Individual ion backgrounds increased the instrumentation limit for 
several ion lines and background was somewhat pressure dependent. The background level from a new 
deuterium aliquot was used to correct sample measurements for system background. The sample pressure 
was designed to limit the pressure-dependent formation of D3+, H3+, HD2+, and D2H+ within the ion source. 
Sample pressure for ultra-trace measurements could be raised to 1×10-5 amps with some protonation or 
deuteration observed. 

3.0 Results and Discussion 

3.1 Characterization of NDs 
 
The elemental impurities of this ND were analyzed using extrinsic and intrinsic methods. The extrinsic 
impurities are the impurities on the diamond surfaces. These were measured by acid washing the diamond 
and analyzing dissolved elements in the solutions using ICP-OES. The intrinsic impurities are those found 
within the diamond. That was done by 1) acid washing the diamond to remove the extrinsic impurities, 2) 
digesting the diamond, 3) measuring the elemental concentrations of the resulting solution using ICP-
OES. The elemental impurities of NDs used for these coatings are given in Table 3-1. The contents of 
these elements met the internal specification of NDs for quality control at Engis. The extrinsic 
concentrations of Na, Fe and Mn on the ND surfaces are fairly high compared to other elements, while the 
major intrinsic impurities of this ND are Fe (~70 ppm), and to lesser extent Mn (~7 ppm). Since ND was 
acid cleaned before being added into the Cu electroless bath solution, the major impurities of the ND in 
the coatings are Fe and Mn. It is unknown whether or how the intrinsic impurities (especially Fe) of the 
ND would impact the passivation behavior of ND-Cu coated stainless steel parts. 
     

Table 3-1.  Impurities Detected in the 65 nm Nanodiamond Used for Plating. 

Lot # 
Sample 

# 
Method Elemental Impurities (ppm) 

B  Co Fe Mn Na Ni Si Cr Cu Mg Total 
R0440 1 extrinsic 1 0 154 49 1230 1 7 3 1 5 1451 
R0440 2 extrinsic 0 0 155 45 1086 0 8 2 2 6 1305 

Average <1 <1 154 47 1158 <1 7 2 2 5 1377 
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R0440 1 intrinsic 0 0 85 8 0 1 6 3 0 1 103 
R0440 2 intrinsic 0 0 54 6 0 0 3 1 0 1 65 

Average 0 0 70 7 0 1 4 2 0 1 84 
 
 
The particle size distribution of this ND was measured using a CPS Disk Centrifuge Nano Particle Size 
Analyzer, and is shown in Figure 3-1. The median size of this ND is 66.5 nm. 
 

 
 

Figure 3-1. Particle Size Distribution (PSD) of the ND used in Plating 

3.2 Physical Appearance of the Plated Parts 
 
The assembled Cu and ND-Cu coated CFVA components are shown in Figure 3-2. All of these CFVA 
components had similar external surfaces characteristic of the pipe spool pieces, but the blank flanges and 
VCR to CF adapter flanges exhibited some discoloration and apparent staining (Figure 3-3). In addition to 
the stains and surface inconsistencies, the sheen of the coatings was also different. The pure Cu coating 
was more reflective while the ND-Cu coatings tended to have a matte appearance. The coated CF and 
VCR adapters exhibited a darker orange appearance rather than a matte appearance. 
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A. Cu B. 25% ND-Cu C. 50% ND-Cu 

 
 
Figure 3-2. Appearance of Cu (A), 25% ND-Cu (B), and 50% ND-Cu (C) coated CFVAs. 
 
 

A 

 

B 
 

 
 
 
Figure 3-3. Discoloration Observed on 25% ND-Cu Coated Components: Flange (A) and Pipe 
Segment (B). 
 

3.3 Surface Morphology of ND-Coated Conflat Flange 
 
SEM images for Cu, 25% and 50% ND-Cu plated CF flange blanks are shown in Figures 3-4, 3-5, and 3-
6, respectively. The Cu coating was not uniform, exhibiting some pores (e.g., Figure 3-4) or other crater-
like defects (e.g., Figure 3-5). Although there was no evidence to indicate whether the stainless steel 
substrate was exposed or not through the pores, it appeared that some areas of the 50% ND-Cu coated 
nipple were not well coated by copper (Figure 3-6). The coated metallic Cu exhibited an apparent grain 
size of 5-10 µm. However, the size, shape and morphology of the metallic Cu varied with the ND loading. 
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Metallic Cu had an octahedral appearance in the absence of ND (Figure 3-4). The Cu matrix exhibits a 
spherical morphology when deposited in the presence of 25% ND (Figure 3-5). The Cu deposit 
morphology was even further modified appearing as spheres and long rods with varying sizes from 5 to 
25 µm in the 50% ND-Cu coated flange (Figure 3-6). The 50% ND-Cu coated flange also exhibited a 
number of globules of 100 µm or larger in size on the surface.    
 
  

  

  

Figure 3-4.  SEM Images of Cu Coated Conflat Flange. 
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Figure 3-5.  SEM Images of 25% ND-Cu Coated Conflat Flange. 

  

  

Figure 3-6.  SEM Images of 50% ND-Cu Coated Conflat Flange. 
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3.4 Chemical Composition and ND Distribution of ND-Coated Conflat Flange 
 
The elemental maps of Cu, 25% and 50% ND-Cu coated nipples are shown in Figures 3-7, 3-8, and 3-9, 
respectively. Figure 3-7 indicated that the chemical composition for the selected area is primarily Cu, 
while C, O, Ni and Fe are near the background levels. Also, Fe or Ni is not significantly higher at the pore 
area, which suggests that the coating holiday did not extend through the coating to expose the inner 
stainless steel substrate. Similarly, for the 25% ND-Cu coated nipple (Figure 3-8), the chemical 
compositions of the mapped area were primarily Cu and C while O, Ni and Fe were observed near the 
background. Figure 3-9 shows that the globules of the size up to 5 µm were further aggregated to the size 
of ~50 µm in the 50% ND-Cu coated nipple. The elemental maps indicated that the globules were 
primarily C, presumably, the aggregates of NDs, while the surrounding areas were Cu. There are several 
pores or defects, but the Fe map did not show any bright spots, indicating that coating holidays did not 
extend through the coating to the stainless steel substrate or nickel strike. 
 

 

  

   

Figure 3-7.  Elemental Mappings of Cu Coated Conflat Flange. 
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Figure 3-8.  Elemental Mappings of 25% ND-Cu Coated Conflat Flange 

 
  

   

Figure 3-9.  Elemental Mappings of 50% ND-Cu Coated Conflat Flange 
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3.5 Gas Characterization of as-Received Cu and ND-Cu Coated CFVAs  
 

The Cu and ND-Cu coated CFVAs and a baseline CFVA were loaded with 500-800 mTorr of 99.9% 
deuterium. The bare and coated gas CFVAs were initially monitored using mass spectroscopy after a 
week exposure to D2. The MS data were normalized as a ratio between the measured H2 and HD ion 
current to the measured D2 ion current and indirectly the gas quantities. This was done to account for the 
variable gas pressures that were used for loading into the CFVAs. The H2/D2, HD/D2 or H2O/D2 ratios for 
the Cu and ND-Cu coated CFVAs are shown in Figure 3-10 and summarized in Table 3-1. The pressure 
decay is an artifact of the testing method. 
 
An unexpectedly high H2 in-growth was measured in the Cu and ND-Cu CFVAs, which indicated that 
there is a significant amount of residual hydrogen in/on the coatings, and vacuum heating / extraction is 
warranted for these components. However, the amount of H2 detected is not correlated to the nominal ND 
loadings. The amount of H2 measured for the 25% ND-Cu coated was significantly higher than that 
measured for Cu and 50% ND-Cu coated CFVAs. This result might be related to an experimental error of 
a valve misalignment while loading the samples. This valve misalignment resulted in the Cu and 50% 
ND-Cu coated CFVAs being evacuated and statically off-gassed for an additional week prior to being 
loaded with D2. It is noteworthy that substantially higher HD was detected for the ND-Cu coated CFVAs 
than for the stainless steel CFVA, and it appeared that the amount of HD detected is qualitatively 
correlated with the nominal ND loadings in the CFVAs. These results may indicate that coated ND and/ 
or Cu might catalyze the H2-D2 exchange equilibrium reaction, which is undesirable for the purpose of 
surface passivation. This result, however, may be beneficial for another application in which catalyzing 
the H2-D2 exchange reaction is desired. The amount of H2O detected for the 25% ND-Cu CFVA was also 
significantly higher than that measured for the Cu and 50% ND-Cu coated CFVA in which the amount of 
H2O is similar to that of the stainless steel CFVAs. These results may be related to the experimental error 
discussed above where the additional week in the evacuated state for the Cu and 50% ND-Cu coated 
CFVAs removed some of the adsorbed water.  
 

 

Figure 3-10. Gas Composition Profiles of the as-Received Cu and ND-Cu-Coated CFVAs after 7 
days. 
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Table 3-2.  Gas Compositions Monitored of the as-Received Cu and ND-Cu Coated CFVAs after 7 
days. 

Coatings on Stainless 
Steel (SS) CFVAs 

D2 Pressure 
(mbar) 

H2/D2 HD/D2 H2O/D2 

Cu_SS 6.452×10-8 0.923 0.115 0.007 
25% ND-Cu_SS 1.355×10-7 2.463 0.122 0.025 
50% ND-Cu_SS 5.114×10-8 0.266 0.513 0.008 
SS 1.158×10-7 0.017 0.042 0.005 
Restek_#6 EP bottle 1.192×10-7 0.015 0.012 0.006 

 
A second method to evaluate the treatment is to compare the effective off-gas rates. The gas compositions 
of the CFVAs loaded with D2 were monitored and measured using a mass spectrometer (MS) at varying 
time intervals up to 105 days. The D2 reference data set was subtracted from all the data that were treated 
as if it was deuterium. This subtraction allows most of the MS background features to be removed and to 
focus the spectral changes. The off-gas rates were determined by comparing the first data point from the 
mass spectrometer, normalizing the intensity using a standard deuterium intensity and dividing by the 
exposure time to calculate an off-gas rate. All data were normalized to constant ion current for 100 µL of 
D2 at 1 mbar. A positive value indicates an increase in the ion compared to the starting reference 
condition, while a negative number reflects a decrease compared to the starting mass spectrometer 
background conditions, and therefore an improvement of the background signal over the reference values. 
The complete off-gas rate dataset is given in Appendix I. 
 
The off-gas rates of the most important gas species (i.e., H2, HD, H2O, CH3, N2, and O2) for the as-
received CFVAs, in comparison with stainless steel (SS) and electropolished (EP) SS CFVAs, and 
Restek’s #6 EP bottle, are given in Table 3-3 and displayed in Figure 3-11, which shows an effective off-
gassing rate based on the method indicated above. Several observations can be made based on these data 
as follows.  
 
Hydrogen off-gassing is rapid for the Cu and ND-Cu coatings, and the rate of hydrogen evolution at room 
temperature is nearly constant over the duration of these tests. Compared to untreated SS and EP_SS 
CFVAs, the off-gas rates of H2, HD and H2O were one to two orders of magnitude higher for Cu and ND-
Cu coated SS CFVAs. However, there were two outliers for H2O (Cu_SS, 7 days, and 50% ND-Cu_SS, 7 
days) in which the off-gas rates were negative. In agreement with the gas composition profiles (Figure 3-
10), the higher off-gas rates of H2 and H2O demonstrated residual H2 was entrapped in the Cu and ND-Cu 
coated CFVA components, and H2O adsorbed on the surfaces during the plating process; it is expected 
that these components require vacuum heat treatment to eliminate or minimize the residual H2 and H2O.  
 
The off-gas rates of CH3 for 25% ND-Cu coated SS CFVA at three different time intervals were nearly 
one order of magnitude higher than those for SS and EP_SS, but the off-gas rates of CH3 for Cu and 50% 
ND-Cu coated CFVAs were similar to those of SS and EP_SS CFVAs, which indicated that the off-gas 
rate of CH3 is not correlated with the nominal ND loadings in the Cu coatings. The off-gassing of CH3 
normally indicates the formation of hydrocarbons, which is often of a concern for tritium service. It 
appears that the Cu and 50% ND-Cu coated SS CFVAs were different than 20% ND-Cu and without 
higher levels of CH3 formation. The higher off-gas rate of CH3 for the 25% ND-Cu coated SS CFVA 
might be contributed to the experimental error of misalignment we discussed above, but it is unknown 
why the CH3 off-gas rate remained constant over the course of three  sampling times.  
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The detection of N2 and O2 is normally indicative of an air leak into the experimental setup. The off-gas 
rates of N2 and O2 for Cu_SS at 43 days, 25% ND-Cu_SS at 43 days, and 50% ND-Cu_SS at 36 days 
were about one order of magnitude higher than those for SS and EP_SS CFVAs at 12 days. The off-gas 
rates N2 and O2 for 25% ND-Cu_SS CFVA at 105 days were even nearly two orders of magnitude higher 
than those for SS and EP_SS CFVAs at 12 days. The off-gas rates of N2 and O2 appear to be related to the 
duration that the gas CFVAs were loaded with D2; the longer the gas CFVAs were monitored, the higher 
the off-gas rates were of N2 and O2 and leakage was more likely. This air leak may simply be related to 
the experimental setup, or may be related to the integrity of the gas CFVAs. However, there is no 
evidence to indicate that the Cu and ND-Cu coated SS CFVAs have air leak issues compared to the SS 
and EP_SS CFVAs, because the off-gas rates of N2 and O2 were similar to each other and similar to the 
reference CFVAs at similar D2 exposure.  
 
Untreated stainless steel and electropolished stainless steel CFVAs had hydrogen off-gassing rates that 
were about two orders of magnitude lower than the Cu and ND-Cu, and the Restek EP and SilTek coating 
had very little hydrogen off-gassing and unmeasurable H2/D2 exchange (11). 
 
Table 3-3. Off-gas Rates (l mbar/s cm2) of as Received Cu and ND-Cu Coated CFVAs Tested with 
D2 Loadings 
 

CFVAs Time 
(Days) 

H2 HD H2O CH3 N2 O2 

Cu_SS 7 98.6×10-14 11.4×10-14 -0.1×10-15 4.77×10-17 1.45×10-15 0.09×10-16 
Cu_SS 43 72.6×10-14 10.7×10-14 13.0×10-15 6.19×10-17 11.4×10-15 12.1×10-16 

25% ND-Cu_SS 7 266×10-14 12.1×10-14 15.2×10-15 41.8×10-17 8.26×10-15 0.24×10-16 

25% ND-Cu_SS 43 326×10-14 57.1×10-14 122×10-15 47.4×10-17 18.5×10-15 11.5×10-16 

25% ND-Cu_SS 105 36.9×10-14 8.99×10-14 4.37×10-15 24.9×10-17 154×10-15 195×10-16 

50% ND-Cu_SS 7 26.4×10-14 53.5×10-14 -0.06×10-15 8.30×10-17 1.44×10-15 0.47×10-16 

50% ND-Cu_SS 36 63.3×10-14 52.6×10-14 133×10-15 9.84×10-17 29.8×10-15 31.8×10-16 

SS 12 0.84×10-14 1.96×10-14 -0.12×10-15 0.86×10-17 2.16×10-15 1.28×10-16 

EP_SS 12 1.58×10-14 2.36×10-14 7.04×10-15 6.07×10-17 2.55×10-15 2.24×10-16 

Restek_#6 EP 12 -0.006×10-14 0.004×10-14 -0.07×10-15 0.05×10-17 0.02×10-15 -0.008×10-16 

Note: Negative numbers indicate reading was better than the reference blank deuterium standard that was used to 
correct the mass spectrometer background. 
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Figure 3-11. Off-gas Rates of the Key Gas Components for as-Received Cu and ND-Cu-Coated 
CFVAs, in Comparison with SS and EP_SS CFVAs, and Restek_#6 EP Bottle. 

 

3.6 Vacuum Heat Treatment of Cu and ND-Cu Coated CFVAs 
 
Due to the higher than expected H2 off-gas rates, the Cu and ND-Cu coated CFVA components were 
vacuum heat treated to extract the hydrogen as indicated in the experimental procedure. In an effort to 
minimize the number of furnace loads, both Cu and 50% ND-Cu coated CFVA components were placed 
into one furnace load. They were heated to the 350 °C extraction temperature over 150 hours (5.83 days) 
and soaked at 350 °C for ~280 hrs (11.6 days).  The 25% ND-Cu coated CFVA components were heated 
to 350 °C over a period of about 74.5 hrs (3.1 days) and soaked at 350 °C for ~124 hrs (5.1 days). The Cu 
and 50% ND-Cu coated CFVA components took nearly twice as long as that for the 25% ND-Cu coated 
CFVA components be heated to 350 °C to meet the heating and pressure criteria described in Section 2.3. 
The CFVA components were thermally soaked until the total pressure at temperature was the same order 
of magnitude as the room temperature starting pressure. The vacuum extraction profiles for Cu and 50% 
ND-Cu coated CFVA components (A) and 25% ND-Cu coated CFVA components (B) are shown in 
Figure 3-12.  
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A. Cu and 50% ND-Cu coated CFVAs 

 

 

B. 25% ND-Cu coated CFVA 
 

 

  

Figure 3-12. The Vacuum Extraction Profiles for Cu and 50% ND-Cu Coated CFVA Components 
(A) and 25% ND-Cu Coated CFVA component (B).  
 

3.7 Gas Characterization of Vacuum Heated Cu and ND-Cu Coated CFVAs  
 
The CFVA components that were vacuum extracted were assembled with Cu gaskets and SS bolts, and 
loaded with 500-800 mTorr of deuterium, and the gas composition was monitored and measured using the 
technique described previously with the MS. The initial off-gas rates were calculated similarly to the as-
received CFVAs. The calculated off-gas rate data are provided in Appendix I. The off-gas rates of the 
most important gas components (i.e., H2, HD, H2O, CH3, N2, and O2) for these vacuum treated CFVAs, in 
comparison with stainless steel (SS) and electropolished (EP) SS CFVAs, and Restek’s #6 EP bottle, are 
presented in Table 3-4 and displayed in Figure 3-13.  
 
Compared to the as-received Cu and ND-Cu coated CFVAs (Table 3-3 and Figure 3-11), the off-gas rates 
of H2, HD and H2O were reduced generally by one to two orders of magnitude after vacuum heating 
(Table 3-4 and Figure 3-13). At similar sampling times, the off-gas rates of H2, HD and H2O for the Cu 
and ND-Cu coated SS CFVAs (7 days) were at the same order of magnitude as those for SS and EP_SS 
CFVAs (12 days). For example, the H2 and HD off-gassing rate of the vacuum heated Cu and Cu-50%ND 
CFVAs were in the level of 10-14 L mbar/s cm2, a value consistent with the untreated stainless steel 
CFVAs. These results demonstrated that vacuum heating essentially removed the entrapped residual H2 
and adsorbed H2O for the Cu and ND-Cu coated SS CFVA components, consistent with the hydrogen and 
total pressure trace shown in Figure 3-12. Based on the lower protium off-gassing after vacuum extraction, 
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the CFVAs were loaded with an additional 500 mTorr of H2 after the seven day data set. These samples 
were then allowed to equilibrate and sampled. The results indicate that the HD formation in the Cu coated 
CFVA is more rapid than stainless steel.   
 
The off-gas rates of CH3, N2 and O2 for Cu and 50% ND-Cu coated SS CFVAs are similar to those for the 
untreated SS and EP_SS gas CFVAs, even for the Cu coated CFVA that was monitored up to 70 days. 
These results indicated that the Cu and 50% ND-Cu coated CFVAs do not exhibit the formation of 
hydrocarbon species, and there were no air leaks for these CFVAs either.  
 
Overall, the off-gas rates of the monitored gas constituents for the vacuum treated Cu and 50% ND-Cu 
coated SS CFVAs were nearly as low as those for untreated SS and EP_SS CFVAs. However, compared 
to the Restek #6 EP bottle, the off-gas rates of all monitored gas components for the vacuum treated Cu 
and 50% ND-Cu coated SS CFVAs, as well as SS and EP_SS CFVAs, were all much higher. Therefore, 
based on currently available data, the Restek #6 EP bottle is superior for suppressing hydrogen off-
gassing and suppressing the hydrogen and deuterium exchange reaction among all CFVAs we evaluated.   
 
Table 3-4. Off-gas Rates (l mbar/s cm2) of Vacuum-Treated Cu and ND-Cu Coated CFVAs Tested 
with D2 Loadings 
 

CFVAs Time 
(Days) 

H2 HD H2O CH3 N2 O2 

Cu_SS 7 1.06×10-14 3.84×10-14 -1.09×10-15 4.82×10-17 7.36×10-15 0.28×10-16 

50% ND-Cu_SS 7 1.36×10-14 6.67×10-14 -2.20×10-15 3.37×10-17 5.66×10-15 0.05×10-16 

SS 12 0.84×10-14 1.96×10-14 -0.12×10-15 0.86×10-17 2.16×10-15 1.28×10-16 

EP_SS 12 1.58×10-14 2.36×10-14 7.04×10-15 6.07×10-17 2.55×10-15 2.24×10-16 

Restek_#6 EP 12 0.001×10-14 -0.0009×10-14 0.007×10-15 0.05×10-17 0.08×10-15 0.02×10-16 
Note: 25% ND-Cu_SS vacuum extracted data were not obtained due to air in-leakage. 
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Figure 3-13. Off-gas Rates of the Key Gas Components for Vacuum Treated Cu and 50% ND-Cu 
Coated CFVAs, in Comparison with SS and EP_SS CFVAs, and Restek_#6 EP Bottle. 
 
 
After the 7 day pure D2 exposure, the Cu_SS and 50% ND-Cu_SS CFVAs that had been vacuum treated 
were loaded with a hydrogen aliquot and the exposure was continued. The gas was sampled and analyzed 
by MS after 0, 16 and 70 days. The percentages of H2, HD and D2 against time were plotted in Figure 3-
14, assuming that H2+HD+D2 was 1. The data suggests that at 70 days, the mixture in the Cu CFVA was 
essentially at equilibrium, because at 50:50 of H2-D2 mix, the equilibrium ratios for H2:HD:D2 is 26:47:26 
at 20 °C. A slight increase in the amount of hydrogen was observed, likely due to continued outgassing of 
the coating, but this was not unexpected. The data set for 50% ND-Cu_SS CFVA appears to reach 
equilibrium much faster than the pure Cu coated CFVA, but it also appears that hydrogen was still off 
gassing from this coating and adding hydrogen to the mixture; this increase is especially obvious for the 
70 day sample.  
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Figure 3-14. Percentages of H2, HD and D2 for Vacuum Treated Cu and 50% ND-Cu-Coated 
CFVAs with H2-D2 Mix Load. 
 
 

4.0 Conclusions 
 
1) An electroless plated nanodiamond (ND) coating process was developed to deposit ND and metallic 

copper matrix on stainless steel parts for surface passivation applications. The type 304L stainless 
steel assemblies comprised of a 2.75” (DN40) Conflat flanged pipe nipple with a blank flange on one 
end and a CF to VCR adapter on the other with a nominal volume of 100 mL were plated with 
diamond loadings of 0%, 25% and 50% v/v in Cu matrix.  

2) The Cu and ND-Cu coated stainless steel parts were evaluated for surface morphology, composition 
and ND distribution using microscopy, SEM and EDX. Some areas of the plated stainless steel parts 
exhibited discoloration and apparent staining. Some pores were observed on the plated parts, but the 
coating holidays did not extend through the coating to expose the inner stainless steel substrate. The 
grain size, shape and morphology of the metallic Cu varies with the ND loading: from octahedral 
shapes in the absence of ND, through spherical deposits in the presence of 25% ND, to spheres and 
long rods with varying sizes from 5 to 25 µm in the 50% ND-Cu coated flange. The 50% ND-Cu 
coated flange also exhibited a number of agglomerates of 100 µm or larger in size, and the chemistry 
of these agglomerates is characterized by Cu and C.    

3) For as-received Cu and ND-Cu coated CFVAs, hydrogen off-gassing is rapid, and the off-gas rates of 
H2, HD and H2O were one to two orders of magnitude higher than those for both untreated and 
electropolished stainless steel CFVAs. These results indicated that residual H2 and H2O were 
entrapped in the Cu and ND-Cu coated CFVAs during the plating process, and ND and/or Cu might 
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facilitate catalytic isotope exchange reaction for HD formation. Hydrocarbons (e.g., CH3) were not 
observed and are thus not considered an issue for Cu and ND-Cu coated CFVAs exposed to H2 and 
D2.  

4) After vacuum treating, residual H2 and H2O in Cu and ND-Cu coated CFVAs were dramatically 
reduced. H2 and HD off-gassing rates of the vacuum heated Cu and 50% ND-Cu coated CFVAs were 
on the level of 10-14 l mbar/s cm2, while H2O off-gas rate was on the level of 10-15 l mbar/s cm2, 
consistent with the untreated or electropolished stainless steel CFVAs. 

5) Cu and Cu –ND CFVAs loaded with H2 / D2 mixtures achieved equilibrium compositions rapidly and 
the rate was more accelerated in the presence of ND. 

6) Untreated and electropolished stainless steel CFVAs had hydrogen off-gassing rates that were about 
two orders of magnitude lower than the as-received Cu and ND-Cu. The Restek EP and SilTek coated 
bottles had very little hydrogen off-gassing and unmeasurable H2/D2 exchange, and exhibited superior 
performance in H2/D2 exposure compared to the stainless steel CFVAs evaluated in this project. 

5.0 Recommendations, Path Forward and Future Work 
 
1) Cu and ND-Cu coated stainless steel CFVAs did not show an improvement in the H2, H2O and HD 

off-gassing rates compared to untreated or electropolished stainless steel CFVAs. Thus, the 
electroless plated nanodiamond coating is not considered promising as a surface passivation 
technology. 

2) The ND-Cu coating may be beneficial for another application in which catalyzing H2-D2 exchange 
reactions is desired and further experimentation on their suitability as hydrogen cracking should be 
pursued. 
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Appendix I. Off-gas Rate Datasheet for Cu and ND-Cu Coated Gas CFVAs and Other Reference 
CFVAs 
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