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ABSTRACT   

Metal anodes in high power source (HPS) devices erode during operation due to hydrogen outgassing and plasma 
formation; both of which are thermally driven phenomena generated by the electron beam impacting the anode’s surface. 
This limits the lowest achievable pressure in an HPS device, which reduces its efficiency. Laser surface melting the 304 
stainless steel anodes by a continuous wave fiber laser showed a reduction in hydrogen outgassing by a factor of ~4 
under 50 keV electron bombardment, compared to that from untreated stainless steel. This is attributed to an increase in 
the grain size (from 40 - 3516 m2), which effectively reduces the number of characterized grain boundaries that serve as 
hydrogen trapping sites, making such laser treated metals excellent candidates for use in vacuum electronics. 
 

Keywords: hydrogen outgassing, laser melting, grain boundaries, vacuum electronics, grain nucleation, abnormal grain 
growth. 

1. INTRODUCTION  

1.1 Anodes in High Power Source Devices 

High power source (HPS) devices generate electromagnetic radiation typically spanning frequencies of 1 GHz to 
100 GHz1. Their applications include microwave generation1,2, vacuum electronics2–4 and particle acceleration5,6. HPSs 
operate as vacuum tubes where the interaction of a stream of electrons with a magnetic field generates microwaves. 
Electrons are produced by a negatively charged, heated component, the cathode, and accelerated by a positively charged 
component, the anode, to produce a high velocity electron stream2. The conversion of the kinetic energy of the electron 
current to coherent electromagnetic radiation experiences no energy or efficiency loss and no internal heat generation as 
a result of the electron stream moving without collision through the evacuated region7. However, energetic electrons 
incident on a conducting surface cause extensive heating, especially on anode surfaces which are constantly bombarded 
with electrons resulting in a pressure rise inside any microwave power electronics7. The pressure rise in HPSs during 
their operation is attributed to outgassing, predominantly of the hydrogen atoms stored in anode’s bulk due to their prior 
exposure to humid air2,7,8. Plasma may also form at the surface of the anode due to near surface ionization of the 
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outgassed neutral atoms by the anode’s desorbed electrons or secondary electrons. This can cause pulse-shortening of an 
HPS device9 and, in the long-term, erosion of the anode10. This paper presents a hydrogen outgassing reduction 
technique at the core of which is a microstructural transformation caused by laser melting the surface of the HPS metal 
anodes. 
 

1.2 The Mechanism of Anode’s Hydrogen Outgassing 

Hydrogen exists as atomic hydrogen at defects such as grain boundaries (GBs) in the anode’s bulk11. The binding energy 
of a GB is larger than the activation energy of hydrogen diffusion11 and, therefore, the hydrogen atom is trapped within 
the vicinity of a GB. GB’s binding energy is, however, temperature-dependent (it decreases with temperature rise12), 
increasing the temperature releases hydrogen and increases the outgassing rate of the sample. In polycrystalline metals, 
at high temperatures, the hydrogen diffusion along the GBs is mainly due to high energy boundaries (“Random”, 
Σ > 29). The Σ value is the reciprocal of the fraction of lattice points in the boundaries that coincide between the two 
adjoining grains13. It is calculated within this work from the more restrictive Palumbo-Aust criteria (θ ≤ 15 Σ-5/6)14, where 
θ is the maximum deviation angle from the computed misorientation angle of the GB15,16. Special boundaries or low 
energy boundaries (between Σ 3 and Σ 29) will contain less hydrogen atoms due to their low binding energy levels17–22 

and consequently reduce the overall sample’s diffusion. Metals with low hydrogen outgassing rates, such as austenitic 
stainless steel, are the most common materials for vacuum applications, due to low hydrogen outgassing properties8. To 
further reduce outgassing in such metals, several treatments have been proven effective: baking23–27, vacuum 
baking24,26,28,29, polishing29–32 and surface treatments to create oxide or other protective surface films (e.g. titanium 
nitride or boron nitride33). We present a laser surface melting (LSM) technique which reduces hydrogen outgassing of 
stainless steel by stimulating the grain growth at the surface of the substrate with no post-processing to preserve the 
benefits of the treatment.  

2. EXPERIMENTAL 

SPI™ G3 Yb non-polarized fiber laser, wavelength 1.064 μm, an output beam M2 = 2 and maximum output power of 
20 W in continuous wave (CW) mode was used for melting the surface of 3 mm and 0.6 mm thick 304 SS plates. The 
lens used was a Jenoptic™ 03-90FT fused silica lens, with focal length of 125 mm. The samples were processed at room 
temperature with a continuous flow of nitrogen supplied into the capped stage to minimize the sample’s oxidation. 
Greisenger™ GOX 100T oxygen meter was used to track the oxygen levels to 0.1 – 0.2 % in the capped stage. Ethanol 
was used to clean/remove contaminants from the sample’s surface prior to laser processing. For characterization, an 
Olympus BX51 optical microscope with Jenoptic™ ProgRes C10+ CCD camera was used to record optical images of 
the laser penetration depth, where chemical etching was used to contrast the laser affected area. Chemical composition of 
the etchants was 10g FeCl3, 30 ml HCl, 120 ml water. For characterizing the grain boundaries an FEI/Philips™ XL30 
scanning electron microscope (SEM) with electron backscatter diffraction (EBSD) analysis capability was used. Visual 
representation of the grains was generated by the HKLTangoTM software in a form of combined three angle Euler maps 
for a three-dimensional representation of the samples’ crystal lattices. The hydrogen outgassing testing was done with 
the help of Anode Materials Characterization System (AMCS), a high vacuum system where a beam of electrons impacts 
the tested anode at normal incidence. A 50 keV electron beam 1.6 mm in diameter at 60 second intervals was used. A 
SRSTM RGA100 residual gas analyzer detected the outgassed elements from the samples. The electron current density at 
the sample surface was approximately 16.4 mA/cm2 at base pressure of 5x10-10 Torr. 
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3. RESULTS AND DISCUSSION

The 304 SS was processed by raster scanning the CW laser beam across the surface in a uniform pattern, Table 1. 

Table 1. Laser parameters. 
Scanning velocity (mm/s) 2.25 
Output power (W) 12, 17 
Spot size diameter (m) 39.4 
Hatch spacing (mm) 0.03 

Figure 1 shows a longitudinal cross-section view of the of the SS treated samples 3 mm and 0.6 mm thick, where the 
treated region is comprised of a laser surface melted zone (LSMZ) and heat-affected zone (HAZ). The depth of the 
LSMZ for 3 mm sample treated with 13.54 kJ/cm2 laser energy density is approximately 9.7 m, for 0.6 mm sample 
treated with 19.17 kJ/cm2 the LSMZ is ~11 m. 

Figure 1. Optical image of the section view of the raster scanned 304 SS samples, a) 3 mm, 13.54 kJ/cm2, b) 0.6 mm, 19.17 kJ/cm2 laser 
energy density.  

Shown in Figure 2(a) and Figure 2(b) are three angle Euler maps of the untreated and treated samples, demonstrating the 
microstructural changes induced by 13.54 kJ/cm2 laser energy density inside the LSMZ of the 3 mm SS sample. It can be 
observed that the grains in the laser treated sample, Figure 2(b), are elongated in the direction of the laser scan and have 
increased in size; per 0.12 mm2 area of the sample’s surface the number of grains was reduced from 1020 to 617 with 
some grains growing from 40 to 3516 m2 indicating abnormal grain growth, Table 2. 

b)a)
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Figure 2. Combined three angle Euler maps of (a) untreated and (b) laser treated 304 SS, 3 mm, 13.57 kJ/cm2. Scan step size 2 m. 
The 0.6 mm SS sample is noted to have smaller average grain size compared to that of 3 mm SS sample, Table 2. The 
treatment of 0.6 mm sample with laser energy density of 19.17 kJ/cm2 showed further increase in grain elongation and 
size, Figure 3(b). The number of grains was reduced from 1083 to 96 per 0.17 mm2 surface area. Some grains reached 
12040 m2 in area also indicating the abnormal grain growth, Table 2. 
 

 
Figure 3. Combined three angle Euler maps of (a) untreated and (b) laser treated 304 SS, 0.6 mm, 19.17 kJ/cm2. Scan step size 2 m. 

 
Table 2. Grain measurements showing average grain size and range for untreated and treated 304 SS.  
 

Grain area 3 mm sample, 
0.12 mm2 surface area 

0.6 mm sample, 
0.17 mm2 surface area 

Untreated Treated Untreated Treated 
Average (m2) 99.88 201.59 73.35 1756.17 
Minimum (m2) 40.00 40.00 40.00 40.00 
Maximum (m2) 628.00 3516.00 464.00 12040.00 

b)a)
Scan Direction 

b)a) Scan Direction 
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We attribute the abnormal grain growth to the laser scanning strategy. Grain nucleation appears to have little dependency 
on original grain size, regulated only by laser power, spot size, speed and hatch spacing. Larger laser energy density 
prompted higher melting temperatures per same surface area of the sample, causing the grains to merge and grow at the 
expense of the neighboring grains. In terms of types of grains and GBs obtained, both treated samples exhibit a reduction 
in the fraction of GBs, Table 3. 

 
Table 3. Grain boundary classification for untreated and treated 304 SS. 
 

Sigma value 3 mm sample, 
0.12 mm2 surface area 

0.6 mm sample, 
0.17 mm2 surface area 

Untreated Treated Untreated Treated 
Σ 3 (%) 33.81 15.39 30.40 9.49 
3 ≤ Σ ≤ 29 (%) 35.11 16.66 32.00 10.31 
29 < Σ ≤ 49 (%) 0.07 0.05 0.08 0.05 
Total Σ (3-49) (%) 35.19 16.71 32.08 10.37 

 

The measured GB reduction is largely in the dominant Σ 3 boundaries. The total number of measured GBs was reduced 
by 18.47 % per 0.12 mm2 for 3 mm and 21.72 % per 0.17 mm2 for 0.6 mm SS samples, which indicates the benefit of 
increased laser energy density for LSM grain boundary reduction. Figure 4 shows hydrogen outgassing results of the 
3 mm SS sample.  

 

 
Figure 4. Outgassing results showing the change in H2 partial pressure with electron dose during 60 second 3 mm 304 SS electron 
irradiation. 

The results are presented as the change in hydrogen atom partial pressure above baseline with electron dose. An 
incubation period is observed between the electron dose of 0 to ~ 3 x 1018 cm-2. In this period the atomic hydrogen 
diffusion is impeded due to sample’s heating until its recombination at the surface of the sample into hydrogen molecules 
for surface desorption34. The laser treated sample exhibits a smaller slope, suggesting a lower rate of diffusion of atomic 
hydrogen to the surface because of the decreased number of grain boundaries. From the GB characterization results 
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obtained for 0.6 mm SS sample, it is suspected that the hydrogen outgassing testing of 304 SS treated with 19.17 kJ/cm2 
or higher average laser energy density should show further hydrogen outgassing reduction. 

4. CONCLUSION 

We demonstrate that laser melting the surface of 304 stainless steel reduces its hydrogen diffusion via grain growth. The 
measured grain size in 3 mm SS sample per 0.12 mm2 surface area counted 40 - 3516 m2 maximum increase, for 
0.6 mm SS sample 40 – 12040 m2 per 0.17 mm2. The 3 mm SS sample was bombarded with 50 keV electron beam and 
showed a factor of ~4 hydrogen outgassing reduction compared to untreated 3 mm SS sample. This is attributed to the 
decrease by 18.47 % in the measured grain boundary count. 

REFERENCES 

[1] Schamiloglu, E., “High power microwave sources and applications,” in Microwave Symposium Digest, 2004 IEEE 
MTT-S International 2, p. 1001–1004 Vol.2, IEEE (2004). 

[2] Barker, R.J., Schamiloglu, E., [High-power microwave sources and technologies], Wiley-IEEE Press (2001). 
[3] Hackett, K.E., “Directed Energy Applications for High Power Vacuum Electronics,” in Vacuum Electronics 

Conference, 2006 held Jointly with 2006 IEEE International Vacuum Electron Sources., IEEE International, pp. 
11–13, IEEE (2006). 

[4] Booske, J.H. et al., “Vacuum Electronic High Power Terahertz Sources,” IEEE Trans. Terahertz Sci. Technol. 1(1), 
54–75 (2011). 

[5] Korovin, S.D. et al., “Pulsed power-driven high-power microwave sources,” Proc. IEEE 92(7), 1082–1095 (2004). 
[6] Keefe, D., “Research on high beam-current accelerators,” Part. Accel. (2014). 
[7] Barker, R.J. et al., “Modern microwave and millimeter-wave power electronics,” Mod. Microw. Millim.-Wave 

Power Electron. Robert J Bark. Ed. Neville C Luhmann Ed. John H Booske Ed. Gregory Nusinovich Pp 872 ISBN 
0-471-68372-8 Wiley-VCH April 2005, 872 (2005). 

[8] Avdiaj, S., Erjavec, B., “OUTGASSING OF HYDROGEN FROM A STAINLESS STEEL VACUUM 
CHAMBER,” Mater. Tehnol. 46(2), 161–167 (2012). 

[9] Shiffler, D. et al., “Carbon velvet field-emission cathode,” Rev. Sci. Instrum. 73(12), 4358–4362 (2002). 
[10] Elfsberg, M. et al., “Experimental studies of anode and cathode materials in a repetitive driven axial vircator,” 

Plasma Sci. IEEE Trans. On 36(3), 688–693 (2008). 
[11] Berg, R.F., “Hydrogen traps in the outgassing model of a stainless steel vacuum chamber,” J. Vac. Sci. Technol. A 

32(3), 31604 (2014). 
[12] Foiles, S.M., “Temperature dependence of grain boundary free energy and elastic constants,” Scr. Mater. 62(5), 

231–234 (2010). 
[13] Garbacz, A., Ralph, B., Kurzydl\Lowski, K.J., “On the possible correlation between grain size distribution and 

distribution of CSL boundaries in polycrystals,” Acta Metall. Mater. 43(4), 1541–1547 (1995). 
[14] Palumbo, G. et al., “On a more restrictive geometric criterion for ‘special’ CSL grain boundaries,” Scr. Mater. 

38(11), 1685–1690 (1998). 
[15] King, A.H., Shekhar, S., “What does it mean to be special? The significance and application of the Brandon 

criterion,” J. Mater. Sci. 41(23), 7675–7682 (2006). 
[16] Warrington, D.H., Boon, M., “Ordered structures in random grain boundaries; some geometrical probabilities,” Acta 

Metall. 23(5), 599–607 (1975). 
[17] Yazdipour, N., Dunne, D.P., Pereloma, E.V., “Effect of grain size on the hydrogen diffusion process in steel using 

cellular automaton approach,” in Materials Science Forum 706, pp. 1568–1573, Trans Tech Publ (2012). 
[18] Pan, Y., Adams, B.L., “On the CSL grain boundary distributions in polycrystals,” Scr. Metall. Mater. 30(8), 1055–

1060 (1994). 
[19] Bechtle, S. et al., “Grain-boundary engineering markedly reduces susceptibility to intergranular hydrogen 

embrittlement in metallic materials,” Acta Mater. 57(14), 4148–4157 (2009). 

Proc. of SPIE Vol. 10083  100832E-6



[20] Hoch, B.O. et al., “Effects of grain-boundary networks on the macroscopic diffusivity of hydrogen in 
polycrystalline materials,” Comput. Mater. Sci. 97, 276–284 (2015). 

[21] Brandon, D.G., “The structure of high-angle grain boundaries,” Acta Metall. 14(11), 1479–1484 (1966). 
[22] Brandon, D.G. et al., “A field ion microscope study of atomic configuration at grain boundaries,” Acta Metall. 

12(7), 813–821 (1964). 
[23] Bernardini, M. et al., “Air bake-out to reduce hydrogen outgassing from stainless steel,” J. Vac. Sci. Technol. A 

16(1), 188–193 (1998). 
[24] Redhead, P.A., “Extreme high vacuum,” Cern (1999). 
[25] Jousten, K., “Thermal outgassing,” CERN (1999). 
[26] Leich, M., “Hydrogen outgassing of stainless steel, our present knowledge,” in Proceedings of the 1st Vacuum 

Symposium, UK (2010). 
[27] Redhead, P.A., “Hydrogen in vacuum systems: an overview,” in AIP Conference Proceedings, pp. 243–254, IOP 

INSTITUTE OF PHYSICS PUBLISHING LTD (2003). 
[28] Westerberg, L. et al., “Hydrogen content and outgassing of air-baked and vacuum-fired stainless steel,” Vacuum 

48(7–9), 771–773 (1997). 
[29] Malyshev, O.B., Hogan, B.T., Pendleton, M., “Effect of surface polishing and vacuum firing on electron stimulated 

desorption from 316LN stainless steel,” J. Vac. Sci. Technol. A 32(5), 51601 (2014). 
[30] He, P. et al., “Hydrogen outgassing and surface properties of TiN-coated stainless steel chambers,” in AIP 

Conference Proceedings 671, pp. 292–299 (2003). 
[31] Chun, I., Cho, B., Chung, S., “Outgassing rate characteristic of a stainless-steel extreme high vacuum system,” J. 

Vac. Sci. Technol. A 14(4), 2636–2640 (1996). 
[32] Redhead, P.A., “Extreme high vacuum,” Cern (1999). 
[33] Mamun, M.A.A. et al., “Effect of heat treatments and coatings on the outgassing rate of stainless steel chambers,” J. 

Vac. Sci. Technol. A 32(2), 21604 (2014). 
[34] Gorman, J.K., Nardella, W.R., “Hydrogen permeation through metals,” Vacuum 12(1), 19–24 (1962). 
 

Proc. of SPIE Vol. 10083  100832E-7


