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Surface oxides identified on V44
Alloy after exposure to low-P
oxygen at various test temperatures

Hardness profile in V44 alloy after
exposure to low-P oxygen at 500,
600 and 700oC

Argonne National Laboratory

Oxygen pressure
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Temperature
(°C)

Oxides identified
by XRD

6.6 x 10-4 500 VO2, TiV4O10

700 VO2, V16O3, CrV2O6
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700 VO2, V2O4, CrVO4

13.3 600 VO2, V2O4
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Most values are between linear (n=1) and parabolic (n=2)
Linear kinetics observed for lowest pressures at 600° and 700°C
Oxidation studies in medium-pressure helium (to simulate UHP-He) confirm kinetics
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O2 O2 O2

low O levels
gas phase limited

(linear)

near surface saturated
diffusion limited

(parabolic)

surface oxide layer
diffusion limited

(parabolic)

It is likely that all 3 mechanisms are occurring with V-4Cr-4Ti at 600°-700°C
Linear kinetics change to parabolic kinetics as O level in alloy increases
Linear regime is most relevant for design, otherwise V-4Cr-4Ti is embrittled!
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Measured oxygen levels include surface oxide and oxygen in solution
Decreasing ductility to approximately 2000wppm (all O in solution)
Very high O levels (in He or Ar) - no further drop in ductility
=> additional oxygen as surface oxide
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($4,%#*,"4*",+',+#"-*#'%&'%:$;$`+;'9')--%2'#0+4$/+&#Surface oxide microstructure on V-4Cr-4Ti
after 200h at 500°C in air

Inner oxide - decreasing grain size (d)

Nitride inner layer detected:

(but not rich in Ti!)

500nm

V Nx d < 5 n m

V On d=10-15nm

V Oy d =≈ 5 0 n m

V Oz d=250-1000nm

mount

metal

Blade-like grains observed
on surface by SEM

TEM/EDX - changing V/O ratio
difficult to quantify due to overlap



Analytical Microscopy of Denuded Zone
Parallel electron energy loss spectroscopy (PEELS)

1434ppmw O added at 500°C, no 950°C anneal

Ti-rich oxide particles
at grain boundaries

Grain boundary region
otherwise depleted in Ti

Ti profile across boundary V map



]+0+&;+&4+'%8'*5+'9'T--%2'.,)4<'a,%@*5'3)*+'%&
J*,+##'b&*+&#$*2'!)4*%,

10- 4

10- 3

10- 2

10- 1

100

101

10 20 30 40 50 60

Gettered Ar (01)
Gettered Ar (09)
Lab Air (02)
Lab Air (05)
Ar+2000 ppm O

2
 (08)

C
ra

ck
 G

ro
w

th
 R

at
e,

 m
m

/h

Stress Intensity Factor, MPa√m

Environment

CT44-09 10 µmS0624.12

CT44-08 20 µmS0591.24

Argon + 2000 ppm O2

Gettered Argon



W*'"86#%(+81;)/1/&*(/%(YQ\:"Q\[/(D118*

+81;)/1/&*('4&4(K8"(W(/%(YQ:"Q[/(4118*$(M"8I/'#$()4$/$(K8"(#I41;4&/8%(8K
W(4%'([('/$&"/);&/8%(/%(H4%'/'4&#(K/"$&QN411b)14%0#&($*$&#>$

! =(d([(/%(M14$>4
! [(6#%#"4&/8%(/%()14%0#&
! W(&"4%$>;&4&/8%

! `;4%&/&4&/I#(4'$8"M&/8%b('#$8"M&/8%
8K(W(/%&8(K18N/%6(W#(N/&?(H8%&"811#'
W(H8%&#%&(4&(H8%$&4%&(&#>M#"4&;"#
" DI8/'$(M"8)1#>$(8K(W
"#'/$&"/);&/8%(';"/%6(H881/%6
" 3M&/>/e#'(M4"4>#&#"$(K8"(YQW
$*$&#>

10-2

10-1

100

0.8 1 1.2 1.4 1.6 1.8

Solubility of H in V-4Cr-4Ti alloy

V44/REB
Vanadium
V44/Park
V44/ParkR
V44/AJZ
V55/DeVan

S
ie

v
e

rt
s

' 
C

o
n

s
t,

 a
t 

fr
/a

tm
0.

5

1000/T, K -1



High-Temperature Oxidation of
Refractory Alloys

! At Normal temperatures and pressures, the
chemical reaction of a gas with the solid
generally results in condensed products.

! At high temperatures and low pressures,
the formation of volatile products is
thermodynamically favored over the
growth of the condensed phase.

! The upper temperature limit for design
with refractory metals with a helium
coolant will be influenced by the formation
of volatile oxides.
! Determine the upper limit of

Oxygen impurity levels for W/He
designs using Thermodynamics of
Chemical Reactions.
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Effects of Boundary Layers on
Evaporation Rate of Refractory Oxides

!! Use of quasi-equilibrium treatment ofUse of quasi-equilibrium treatment of
heterogeneous reactions, plus boundary layerheterogeneous reactions, plus boundary layer
effects to determine the actual evaporationeffects to determine the actual evaporation
rates.rates.

! Based on experimental data, the impingement
rate of O2 was used to determine:
!  Static Evaporation Rates.
! Effects of the Boundary Layer Resistance

To Oxide Product

!! Evaporation Rates Could Be As Low AsEvaporation Rates Could Be As Low As
0.10.1 µµm/yr for m/yr for WW at 1  at 1 ppmppm O O22 @@ 15001500ooCC.!

! For an oxidation rate limit of 0.1 µm/yr the
operating temperature for WW is  is 16001600ooCC.
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Net-intensity X-ray maps of second-phase particles in base metal of Heat
NIFS-1:  (a) C-Kα map, (b) Ti-Kα map, (c) V-Kα map, (d) Cr-Kα map.
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BASE METAL HEAT AFFECTED ZONE

Research performed by
M. K. Miller, Oak Ridge National Laboratory
and A. J. Bryhan, Applied Materials

   GIE (atoms m-2)
Zr 7.6 x 1013

B 7.3 x 1012

C 1.1 x 1013

O  -3.9 x 1012

   GIE (atoms m-2)
Zr 1.3 x 1013

B 9.9 x 1014

C 9.9 x 1011

O 1.1 x 1013

•B, Zr (and C) segregation inhibits O embrittlement of grain boundaries
–Etot~20%, transgranular fracture mode instead of typical etot~3%,
intergranular fracture for Mo welds

•Bulk alloy composition: 1600 appm Zr, 96 appm C, 53 appm B, 250 appm O

FIM FIM

APT atom maps

Atom Probe Tomography Reveals Zr, B and C Segregation
to Grain Boundaries Produces Improved Mo Weldments
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