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Introduction: Why Mild Steel for Vacuum Systems?

 Commonly used as structural steel or for pipes
* Historically, not considered for UHV systems
* Modern secondary refining processes may reduce H,
* Possible low-cost alternative to stainless steel
* Gravity Wave Detectors

* Large vacuum systems

* Park et al (2016) obtained excellent outgassing results for 3
Korean mild steels

* CERN, JLAB, NIST & WM have confirmed Park et al’s H,
results

 Pump-down (water outgassing) of mild-steel still a subject
of research

a

I Decarburization I Deoxidization alloyingI Degassing I

S1 S2 S3 S4
Z



Outline

Recent mild-steel results from
NIST, JLAB, CERN, W&M:

Brief History of mild-steel outgassing
Brief description of apparatus

* National Institute for Standards and
Technology (NIST)

 Jefferson National Laboratory (JLAB)
* William & Mary (WM)

* CERN described in more detail by Ivo and
Carlo

Compare H, outgassing results (after 150 °C bake)
Compare water outgassing results (pumpdown)




Why Should Mild Steel have low outgassing?

To my knowledge, since 1950s, mild steel production often uses the
Ruhrstahl-Heraeus process (RH) or other degassing process for hydrogen
reduction and decarburization.

* RHis a secondary metallurgy process in which liquid steel is subjected
to a vacuum treatment for decarburization and degassing H, and O,

Stainless steel is typically produced from recycled steel in an electric arc
furnace

* As produced, most stainless steels contain significant dissolved H,

* High temperature heat-treatment (vacuum-firing) is required to

We sent out 4 samples for Sample |dentification: Hydrogen

hydrogen concentration ppm

testing A36 Steel # 1 05
A36 Steel # 2 0.5
304L Blank 36
316L Blank 1.9

| Vacuum
| Chamber

Argon Injected

Inclusion
Removal

Steel

RH process



Older Literature Values on Mild Steel Outgassing

Table 4. Metals

e ombienpr o feemlcierrw w M e Elsey (1975) and Ishimori et al (1971), for

Aluminium (fresh) 63 l 1.0 6.0 1.0 9
Aluminium (degassed 24 h) 41.4 3.2 3.06 0.9 9
Aluminium 3 h in air) 66.5 1.9 4.75 X H 1 1
Rt oy . N 3% 0 3 e.g., show mild steel outgassing higher than
Aluminium (anodised-2 um pores) 2760 0.9 322 0.9 9
Al G ol o G L, 3 -
Brass (wave-guide) 4000 20 100 12 13 Sta IN I ess Ste e |
Copper (fresh) 400 1.0 41.5 1.0 9
Copper (mech. polished) 35 1.0 3.56 1.0 9
OFHC copper (fresh) 188 1.3 12.6 1.3 9
OFHC copper (mech. polished) 19 1.1 1.63 1.1 9
Gold (wire fresh) 1580 21 5.1 1 9
VI iy o 2 Lo . 2 e Backinthe 1990’s Dvlla and Blanchard
M:ld steel (chfom{um p)],ated polished) 100 1 9.0 — 13 a C I n t e SI y a a n a n C a r
Mild steel (aluminium spray coated) 600 0.75 100 0.75 13
Steel (cgrom!um p}atcg l‘re]s'h:'l o ;?5 : gg : g t . d t h | f t . f ° I d
S i Pl polhe oo questione € values OT outgassing 1or mi
Steel (n;cke! pllii‘ted') el plted fresk) 23-'3,,6 :_1 i?)’:; i.l 3
Steel (chemic: nicke! R :
o e - Lo steel relative to SS
Molybdenum 52 1.0 3.67 1 9
Stainless Steel ENS8B — — 14 1.6 13
Stainless Steel 18/9/1 (electro polished) — — 2 — 15
(vapour degreased) — — 1 — 15
) (diversey cleaned) —_ — 213 0—75 g .
Stainl 1 1750 1.1 A
Junes s o aoom o2 B e According to Park et al. (2016), vacuum
Stainless steel ICN 472 (fresh) 135 0.9 14,7 0.9 9
Stainless steel ICN 472 (sartl}dcd) ] 51338 (l)g lgg gg g o . )
Siinies S N3 (mech polies) N N degassing was developed in the 1950’s, but
Stainless Steel NS228 144 1.3 13.5 1.9 9
Z!nc . 2210 1.4 322 0.8 9 0
Tiaoiem g RS R only 10% of Japanese plants used the

1- . S

Elsey, R. J. (1975). Outgassing of vacuum materials-Il. Vacuum, 25(8), 347-361. p Frocess by t h e 1 9 70’5

https://doi.org/10.1016/0042-207X(75)91653-X




Park et al 2016 H, Outgassing

3 Korean Mild Steels Tested: D3752, D307, D3562

» Rate-of Rise (RoR) with spinning rotor gauge H, Outgassing
(SRG) 1.0E-09
B No pre-bake

* 304 measurements similar to NIST and other 850 C

benchmarks 1.0e-10

* Mild steel better by more than 10X

1.0E-11
e 850 °C shows modest improvement I I I
1.0E-12

* (this will not be true for H,O outgassing)
D3752 D3507 D3562 STS304

PalLs!lcm

* QUESTION: was there a background subtraction sample chambers were baked at 150 °C for 48 h
for non-mild-steel components?
* Very important for low outgassing RoR
measurements



Park et al 2016 Pumpdown Curves

e Qutgassing was measured at 24 °C
after 48-h in situ bakeout followed
by a 5-h N, exposure

* Not an air exposure?
e 2 to 3 orders of magnitude lower
than stainless steel exposed to air

 Same slope

* Baking at 850 °C lowed H,O
outgassing

PaLs!lcm?

1.0E-07

1.0E-08

1.0E-09

1.0E-10

1.0E-11

Park et al. 2016 Pumpdown

No pre-treatment

——D3752 (850 C)

——D3752 (-2 mm)
D3752 (-2 mm; 850 C)
D5307

——D5307 (850 C)

——D3562 (850 C)

850 °C pre-treatment

100

1000 10000 100000
Seconds



NIST Outgassing Apparatus

Temperature
controlled box

—"’

Orific

o = B A

Publishéd outgassing results for 7 geometrically
identical chamber— Applied Vacuum Division

« =641
* =2000cm?
* H, Outgassing: rate of rise (RoR)
 Pumpdown: throughput method Turbopump

e We add A36 mild steel




NIST H, Outgass

ing data

(A36 PRELIMINARY DATA)

1.0E-08 Untreated Stainless Steel
"'.3"";;;,;--
1oe.00 | i, "ﬁo,,.,;;;;ﬁ.;.tm.:_.__ __\t 304L _ .
' : igt% Vacuum-fired (950 °C)
c 10E10 P A A 3160 Stainless Steel, Aluminum
O '--.. ) .-‘......_:t: .................. 316|_-XHV,1
W 1.0E-11 '5"3‘ **'-*ﬂ-sﬂ’.'.‘,'_‘ - O 316L-XHV;2
= A 316LN-XHV: 1
&< 1.0E-12 } 315K A 316IN-XHV; 2
595K A 316LN-XHV: 3
e Al
1.0E-13 F A... E\C A A36 Preliminary
1.0E-14 1 . . !
3.1 3.2 3.3 34 35
1000/K

100 Pa = 1 mbar

Chambers baked 125-150 °C for = 3 days

A36 mild steel, no heat
treatment



NIST Water Outgassing data
(A36 PRELIMINARY DATA) + Exposed to Al

e 2to 3 orders of magnitude lower

= * 304L than stainless steel exposed to air

. 10~ - 316L * Same slope
D « 316LN
g 10® 316L-XHV *  316L-XHV and 316LN-XHV vacuum
— fired 24 h at 950 C.
v 7 316LN-XHV « No water outgassing
— 10 _
= - A36 improvement
£ o A36 Mild Steel

o

o

I
@] -9

10 304L SS
103

100 Pa = 1 mbar
316 SS



Pump Down setup

20 L/s Gamma pump
with 50 L/s flange

mounted NEG pump
.

1020 tee

RA valve to turbo
for pump down

Bakeable all metal gate valve

Pressure, Torr

1020 tube#?2

AISI1020#2 (Extractor Gauge Data)

Pressure, p = kt-" (for const. pump speed)
Valueofn=0.9-1.3
n = 1 for monolayer adsorption
n=1.08 (n>1) n < 1 for submonolayer adsorption

LEos n { =initial coverage \, = binding energy 1

1E-07

n=0.83(n<1),1hat25°C

Pump-down by turbo pump <« {
|

LE08 | After 150 °C

=0.94 (n<1), 1 hat 25 °C
condioning

(post 150 °C)

A ix

1E-09 o i n=0.33 (n<1),1hat75°C

L i n=0.31 (n<1), 1 h at 110°C
04 : —
8% 03 4 i B =
: 0.2 |
01 / |
0.0 7
o

n=0.85 (n<1), 1 h at 150 °C

*  Pump-down by ion pump

Bake temperature, °C

1E11
o
@”‘. Prior to 150 °C cp" &P
A 2 S »
condioning
Time, s

No orifice in the system

extractor

—— 1At 25°C
——2.fit_75°C
——3.Fit 110°C
——4.Fit_150°C

——S5.fit25°C

‘ggf,ggon Lab



Baratron Prior to baking the pipe
Gate valve
|=Ii $5-316 pipe

Gate valve

=

AISI-1020 pipe U | srG

Turbo valve

Turbo
Pump

To determine the gas composition, we use a pulse gas release

method:

1. Begin by closing Turbo (4-5 seconds) to monitor outgassing
of main chamber

2. Pulse pipe (for 1-3 seconds) to equilibrate pressures. The
pipe and the RGA chamber have nearly equal volumes.

3. Observe the time dependent signals at selected amu. With

amu =[2 14 15 16 18 28 44] scan time is reduced to 2 or 4
seconds.

3/26/2023

H, dominates by
two orders of
magnitude at 24C

The CO,::H, ratio
Increases at
temperatures
above 60C

CO, is 10 times
larger than H, at
70C.

- RGABKGR) in Torr

Pulse

(RGA

Pulse 1 on January 22, 2021 at starts 11:06:00

L e T AU |

60

+
107
o M
o X HZO
108 F O co
o o o o o CO,
¢ 0
10 ¢ o 0]
10-10 ! I I |
0 10 20 30 40 50
Time (sec)
5 Pulse 1 on January 22, 2021 at starts 15:07:00
10° T T T T T
+ H,
O x  H,0
O co
108 ¢ O ¢ €O,
¥
Q Lo+ o+ o+ ++F
Y 9 5 @ '
¥
107 ¢ o
X
O
0
¥
108 VY 4
XXXXX
1070 ! ! . ‘ ‘
0 10 20 30 40 50 60

Time (sec)



Mild Steel H, outgassing

lab__ MildSteel ________________|mbarLs-1cm-l

W&M AISI11020, 150 °C, 48 h bake 2.6E-14
JLAB AISI1020, 150 °C, 69 h bake 5.2E-13
JLAB AISI1020 (pre-bake 400 °C), 150 °C, 48 h bake 1.5E-13
CERN Mild Steel, 80 °C, 48 h 1.5E-15
CERN Mild Steel, 80 °C, 48 h 7.0E-14
CERN Mild Steel, 150 °C, 48 h 1.0E-15
CERN Mild Steel, 150 °C, 48 h 1.7E-14
NIST A36, 299 K, 100-150 C bake, 5 days 2.6E-16
Lab Stainless Steel mbar L s-1 cm-1

JLAB SS316, 150 °C, 48 h bake 7.6E-12
JLAB SS316 (pre-bake 400 °C) 150 °C, 49 h 7.3E-13
NIST 316L 4.9E-12
NIST 316L-XHV (950 °C Fire) 3.9E-14

mbar Ls!cm?

1.0E-10

1.0E-11

1.0E-12

1.0E-13

1.0E-14

1.0E-15

1.0E-16

Mild Steel H, outgassing
room temperature

o wesm

W&M

et al

JLAB

341} 3, 00%7) 0ZOTISI

JLAB

150 °C, minimum 48 hour bakes (except where noted)
All exposed to air before bake
Other constituents (H,0, CO CO,) likely present

CERN CERN

Evidence suggests that for a wide variety of mild steels H,

outgassing will not be a concern for most applications

mé

NIST

JLAB JLA

316 5SS

J, 001

B

NIST

J, 056

NIST



Mild Steel H,O Outgassing Comparison

Throughput Method: NIST & CERN

NIST has measured A36 3 times over 4
years

* Two different gauges: SRG & IG

* Very consistent measurements

CERN measured 355N mild steel
355N may be close to order of
magnitude lower than A36
e Similar slope

PaLslcm™

1.0E-05

1.0E-06 [

1.0E-07 |

1.0E-08 |

1.0E-09

Mild Steel H,0 Outgassing
Room Temperature

» NIST A36, SRG 2019
« NIST A36, SRG 2021
» NIST A36, lon Gauge 2023
« CERN P355N

1.0E+03

1.0E+04 1.0E+05 1.0E+06

seconds



Mild Steel H,O Outgassing Comparison

Throughput Method: NIST, CERN & Park

Park et al 2016 results for D3507 (Korean)
are 1 to 3 orders of magnitude lower
e They probably vented with N, not air

Similar slope to CERN and NIST

PalLs!lcm™

1.0E-05

1.0E-06

1.0E-07 |

1.0E-08

1.0E-09

1.0E-10

1.0E-11

1.0E+03

Mild Steel H,0 Outgassing
Room Temperature

No pre-treatment

850 °C pre-treatment

» NIST A36, SRG 2019

« NIST A36, SRG 2021

* NIST A36, lon Gauge 2023
» CERN P355N

D5307
D5307 (850 C)

1.0E+04 1.0E+05

seconds

1.0E+06



Mild Steel H,O Outgassing Comparison

Throughput Method: NIST, CERN, Park,

Li & Dylla 1993 vented with air and dry N,

CERN & NIST Data same order of
magnitude as air vented 304L SS

Slope of mild steel may be slightly slower
for mild steel

Park et al 2016 results similar order of
magnitude to N, vented 304L SS

Pumpdown of mild steel from air may

not be any improvement over 304L SS.
It may be a little worse.

PalLs!cm™

& Dylla

Mild Steel H,O Outgassing
Room Temperature

1.0E-05 + NIST A36, SRG 2019

« NIST A36, SRG 2021

* NIST A36, lon Gauge 2023
1.0e-06 r - CERN P355N

——D5307
i | ~——D5307 (850 C)
1.08-07 Air vented Li and Dylla 1993; 304L, air
1993; 304L, N2
1.0E-08 |
1.0E-09 |
N, vented
1.0E-10 |
1.0E-11
1.0E+03 1.0E+04 1.0E+05 1.0E+06

seconds



Wrapping up ...

* Untreated Mild Steel H, outgassing is superior to stainless steel

* Likely as good as, if not better than, Ti, vacuum-fired SS, or Al

* Water outgassing of untreated mild steel is similar to, or maybe worse,

than stainless steel

* There is an indication that heat treatment improves mild steel water

outgassing performance
« Stainless steel water outgassing is not improved by this

Going forward:

* Modifying mild steel surface may improve water outgassing
* We want to develop a process for magnetite coating
* Test Magnetite coated mild steel for water outgassing

* Still need full investigation of water outgassing as a function of
temperature

Aspect of the internal surface after
accumulation measurements

o

pressure mec
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