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GALLIUM SUBOXIDE VAPOR ATTACK OF CHROMIUM,
COBALT, MOLYBDENUM, TUNGSTEN AND THEIR ALLOYS AT 1200°C

D.G. Kolman, T .N. Taylor , Y.S. Park , M. Stan , D.P. Butt,
C.J . Maggiore, J .R. Tesmer , and G.J. Havrilla

Los Alamos National Laborato ry
Los Alamos, NM 8754 5

ABSTRACT

Our prior work elucidated the failure mechanism of furnace
materials (304 SS , 316 SS , and Hastelloy C-276) exposed to gallium
suboxide (Ga2O) and / or gallium oxide (Ga2O3) during plutonium -
gallium compound processing . Failure was hypothesized to result from
concurrent alloy oxidation / Ga compound reduction followed by Ga
uptake . The aim of the current work is to screen c andidate replacement
materials . Alloys Haynes 25 (49 Co - 20 Cr - 15 W - 10 Ni - 3 Fe - 2 Mn -
0.4 Si, wt%), 52 Mo - 48 Re (wt%), 62 W - 38 Cu ( wt%), and
commercially pure Cr, Co, Mo, W, and alumina were examined .
Preliminary assessments of commercially pure W and Mo - Re suggest
that these materials may be suitable for furnace construction .
Thermodynamics calculations indicating that mate rials containing Al, Cr,
Mn, Si , and V would be susceptible to oxidation in the presence of Ga20
were validated by experimental results . In contrast to that repo rted
previously, an alte rnate reaction mechanism for Ga uptake, which does not
require concurrent alloy oxidation, controls Ga uptake for certain
materials . A correlation between Ga solubility and uptake was noted.

INTRODUCTION

The processing of Pu compounds , which involves the intentional or unintentional
separation of Ga or Ga203 from Pu or Pu02, has adverse consequences with respect to
furnace mate rials. Common materials of construction such as iron- and nickel-based
alloys have failed in service following processing of PuO2 containing Ga203 . Failures
were attributed to Ga20 given its very high volatili ty as compared to Ga2O3 or Ga .

There have been few studies of the behavior of Ga203 under expected furnace
conditions . Research by Besmann detailed the Ga - 0 system.' Work by Butt et al .
examined the thermodynamics of Ga20 evolution.2 Two primary pathways for Ga20
formation were identified . Butt et al . analyzed the oxidation state of Ga in downstream
deposits after heating Ga2O3 in hydrogen. They found that deposits contained a
combination of Ga, Ga2O3, and a Ga oxide having an intermediate oxidation state,
possibly Ga20 . These deposits were rapidly oxidized to Ga203 upon exposure to air .



Recent work in this laboratory expanded on the work of Butt et al ., examining the
thermodynamics of the Ga203 / H2 system in the presence of metals . 3

Our previous study examined the failure of 304 SS, 316 SS, and Hastelloy C-276
(a Ni - Cr - Mo alloy) .3 All three alloys were attacked following exposure to Ga20 /
Ga203 at 800°C to 1200°C. Significant oxidation and Ga uptake were observed following
exposure of the three alloys . The simultaneous Ga2O reduction and alloy oxidation were
attributed to the reaction :

U
M+Ga20(g) = 1 M,, 0, +2Ga(l)

V v
[1]

It was asserted that Ga metal was available for diffusion into the alloy following reaction .
Calculations of system thermodynamics did not incorporate the free energy of alloying
with Ga, because Ga activities within the alloys as a function of concentration were
unavailable .

Ga20 was found to be primarily responsible for iron- and nickel-based alloy
oxidation although Ga203 alone was shown to be capable of attack during elevated
temperature processing . Corrosion and subsequent Ga uptake were attributed to the
presence of Cr, Mn, Si, and V within the alloys . These elements are susceptible to
oxidation by Ga20, as shown by their enrichment in surface oxides and by
thermodynamic calculations . Ga uptake was shown to severely degrade the mechanical
properties of 304 SS . Uniform Ga concentrations of 20 wt% promoted a low energy,
brittle fracture . 3

Chromium-, cobalt-, tungsten-, and molybdenum-based materials were believed
to be suitable candidates for furnace materials . The objective of this study was to
examine the behavior of different materials in the presence of Ar - 6 % H2 and Ga20 /
Ga203 as a first step in selecting materials suitable for furnace construction . A second
objective of this work was to elucidate the failure mechanism of materials that are
unsuitable for furnace construction .

EXPERIMENTAL PROCEDURE

The compositions of materials used in this study are listed elsewhere .4 The
thicknesses of the samples (Table 1) varied due to differences in as-received thickness as
well as grinding and polishing .

Tests incorporated Ga203 (99 .999%) placed within an unreactive alumina boat in
the hot zone of a tube furnace (7 .0 cm I .D.) . The powder was exposed to ultra-high purity
Ar - 6 % H2 gas for 24 h (not including ramp-up and ramp-down time) at 1200°C . The
gas flow rate was 0 .5 liters / min. Based on Ga203 loss from the boat, approximately 99%
of the hydrogen is unreacted, thereby maintaining a constant partial pressure of H2 gas .
The hot zone temperature ramp rate was 20°C / minute . Prior to introduction into the
furnace, the gas was passed over copper turnings at 600°C to remove residual 02 or
water. The Ar - 6 % H2 gas was flowed during the furnace cool-down period . Three
samples of a given material were placed at different positions within the furnace. One



sample was placed within the Ga203 powder . One sample was placed on the top rim of
the alumina boat, just above the Ga203 powder . A third sample was placed downstream
from the powder, outside of the hot zone . The temperature at this sample position was
581°C (+/- 22°C) . Samples are designated by their relation to the powder : the subscripts
"I", "A", and "D" represent samples that were in, above, and downstream from the
powder, respectively. A drawing of the experimental setup has been shown elsewhere .3
Replicate tests indicated satisfactory reproducibility using the experimental method . 3

Micro X-ray fluorescence (MXRF), proton-induced X-ray emission (PIXE),
Rutherford backscattering spectroscopy (RBS), and X-ray photoelectron spectroscopy
(XPS) were used to analyze the samples . Experimental procedure details of these
analyses have been discussed previously .3 The sample surfaces were examined with RBS
and XPS. The sample cross-sections were examined with MXRF and PIXE . Cross-
sectioned samples were cleaned in ethanol prior to analysis . The benefits and drawbacks
of each of the surface analysis techniques have been discussed .3 In short, the resolution of
the techniques increases in the following order : MXRF, PIXE, RBS, XPS .

RESULTS

Cr samples were attacked to a limited extent following exposure to Ga2O3 / H2 at
1200°C. Cr(I) Cr(A), and Cr(D) samples all exhibited some oxidation with oxide thickness
(> 5µm, 3 µm, and 0 . 1 µm, respectively , as determined by RBS) decreasing with distance
from the Ga203 powder. MXRF from the cross -section of the Cr(I ) sample indicated that
the oxide had spalled from one of the surfaces during handling (Figure 1 a, right edge) .

Ga uptake by the Cr samples was limited . The MXRF image in Figure 1 a suggests
that essentially no Ga is present at the sample edge where spallation occurred . PIXE

analysis of the Cr(I) cross-section indicates that Ga uptake is limited to the 20 µm of
material nearest the surface (Figure 2). The Ga concentration is a maximum
(approximately 2 wt%) below the surface . Because the oxide thickness is variable, it is
unclear from PIXE and RBS measurements whether the Ga is present only in the oxide .
Regardless, there was no significant penetration of Ga into the underlying Cr metal .

Commercially pure Co and Haynes 25, a Co-based alloy, yielded dramatically
different results following exposure at 1200°C . Co(I) (Figure lb) and Co( A) (not shown)
were distorted upon removal from the furnace . In contrast, Co(D) and the Haynes 25
samples did not exhibit any apparent shape change .

Coq, Co(A), and CO (D) exhibited superficial oxides as determined by RBS4 and
XPS (Figure 3). The thickness progressively decreased from approximately 10 Mn on
Co(I) to 2 nm on Co(D) . The exposure of Co produced no detectable Co oxide . Both the as-
received and sputtered samples gave similarly shaped 2p transitions with 2p 3/2 peaks at
778.3 eV binding energy (Figure 3), a value that is the same as that reported for elemental
Cos. The sputtering, which removed approximately 10 rim of material, completely
eliminated the Ga oxide peak seen on the as-received sample at 20 .6 eV binding energy
(Figure 3) . The unoxidized Ga-3d peak from diffusion into the Co substrate ( 18 .7 ± 0 .1
eV binding energy5) is clearly visible through the thin oxidized layer . In contrast, Haynes
25 oxidized to an appreciable extent4, with the hot-zone samples having an oxide thicker



than that that could be measured using RBS (4 µm) . For both Co and Haynes 25, oxide
thickness decreased with increasing dist ance from the powder .

The Co samples contained a large amount of Ga following exposure. Both the
MXRF (Figure lb) and PIXE results (Figure 2) indicate that 22 wt% Ga is distributed
uniformly throughout the Co(I) sample . RBS analysis of Co(A) and Co(D ) indicated
significant but smaller concentrations of Ga within the material - about 40% and 20% as
much as in Co(I ) , respectively. XPS analysis determined that the Ga below the oxide is
not oxidized. Haynes 25(q exhibited very little Ga uptake following exposure , less than 1
wt%, as seen from PIXE analysis (Figure 4) . RBS and XPS indicated near-surface Ga
concentrations on the order of 1 to 2 at% . This suggests that the Ga concentration
decreases with increasing distance from the surface because RBS and XPS are more
surface sensitive than PIXE. Broad elemental redistributions (i .e ., surface enrichments
and depletions , resulting from preferential oxidation of ce rtain elements) were not
observed from the more coarse MXRF (not shown) and PIXE (Figure 4) analyses .
However , RBS4 indicated surface segregation on the micron scale for Haynes 25(I) and
Haynes 25(A) . Co, Ni, and W are depleted from the outermost layers of the oxide, as
evidenced by the elemental edges in the spectrum being displaced to lower energies . Cr
and Mn are enriched at the surface, with an estimated ratio of 3 Cr : 1 Mn.

Commercially pure W exhibited a shape ch ange following exposure - initially flat
samples were concave following testing (Figure lc) . W surfaces were not . pristine
following removal . For instance , the W(A) sample became dark gray from exrosure .
Optical microscopy of the W - Cupp sample indicated a two-phase microstructure that is
more coarse than the as -received microstructure .

Neither W(I) nor W( A) oxidized appreciably . Indeed , the exposed samples had a
thinner oxide than an as-received and polished sample, suggesting that either the air-
formed oxide volatilizes6'7 or that the oxide is reduced du ring exposure to the Ar - H2 gas .
The oxide thickness following exposure was less than 10 nm for both of the exposed
samples . Neither W - Cu(I) nor W - CU (A) oxidized appreciably.

MXRF (Figure 1 c) and RBS analyses of W(!) did not indicate the presence of Ga .
In contrast , XPS results indicated that Ga was present on the surface at a concentration of
10 at%. However , a sputter depth profile showed no evidence of Ga 15 nm below the
surface . For the W - Cu samples, the W and Cu concentrations vary across the sample
cross -section (Figure 5) with discrete Cu-rich and Cu-depleted regions4 . PIXE from the
cross-section of W - Cu(j) indicated the presence of 10 to 20 wt% Ga following exposure,
with the Ga concentration generally tracking with the Cu concentration (Figure 5) .
MXRF (not shown) and scanning electron microscopy (SEM) electron microprobe
measurements4 also reveal that Ga is associated with the Cu -rich regions .

Unlike other materials, differences between the oxidation behavior of in-powder
and above -powder samples are observed with Mo. The Mo( A) oxide was superficial and
thinner than that of the as-received sample, while the Mop) oxide was considerably
thicker .4 The oxide on Mo(A) following exposure was approximately 10 nm thick as
determined by XPS measurements following spu tte ring. Mo - Re oxidized similarly to
the commercially pure Mo samples . Mo - Re( A ) was not appreciably oxidized (5 nm thick
oxide) and the Mo - Re(,) surface oxide was variable with the highest oxygen content 1



pm below the surface.4 The subsurface 0 maximum in Mo - Re(I) coincided with a
maximum in Si impurity concentration, as observed from XPS measurements .

Overall, Mo(I) was attacked to a greater extent than Mo(A) as measured by oxide
thickness, maximum Ga concentration, and Ga penetration depth. In contrast, no Ga was
detected in the Mo - Re samples using MXRF, PIXE, or RBS . XPS sputter depth profiles
did indicate the presence of Ga. Concentrations of less than 2 at% were observed in the
outermost 50 nm of the surface . The Ga was of mixed valence, oxidized and metallic .
Near-surface Mo depletion and Re enrichment were evident following exposure of Mo -
Re(I) and Mo - Re(A) . 4

Although the use of metals is preferred for furnace construction, a ceramic
material, alumina , was examined as well . No Ga uptake was observed from MXRF
(Figure 1 e) or PIXE (not shown ) analyses of the alumina(,) or alumina ( A) cross-sections .

The oxidation susceptibility of individual alloying constituents in the presence of
Ga2O can be assessed using the reaction affinity. (The details of the system
thermodynamics calculations are discussed in reference 3 .) The affinity , an analogue to
free energy of formation that incorporates the chemical potential of formation of the alloy
component oxide, is negative when metal oxide formation is favored . The affinity for the
reaction of individual elements with the Ar (g) - H2 (g) - Ga203 (s) system (Equation 1) is
shown in reference 4 . The oxidation of Al, Cr, Mn, Si, and V is thermodynamically
favorable at 1200°C while the oxidation of Cu, Re, Ni, Co, Fe, and W is unfavorable .
Thermodynamic calculations that consider other oxides (e.g., W2O7, MoO3, FeO) do not
change the conclusion that the oxidation of Al, Cr, Mn, Si, and V is thermodynamically
favorable at 1200°C while the oxidation of Cu, Re, Ni, Co, Fe, and W is unfavorable .

Table 2 is a summary of the oxidation, Ga uptake, and surface enrichment /
depletion observations discussed above .

DISCUSSION

An earlier study of 304 SS (Fe - 18 Cr - 8 Ni), 316 SS (Fe - 16 Cr - 10 Ni - 2 Mo),
and Hastelloy C-276 (Ni - 17 Cr - 17 Mo - 6 Fe - 4 W) recognized Ga20 as the primary
corrodant of alloys during exposure to the Ga203 / Ar - 6 % H2 system-3 Ga2O was
identified as the p rimary aggressive species because above-powder samples were
attacked to only a slightly lesser extent than in-powder samples and because samples
exposed to Ga20(g) alone were severely attacked . Sample attack comprises two
phenomena - oxidation and Ga uptake . Alloy corrosion and Ga20 reduction were
hypothesized to comprise the oxidation / reduction couple (Equation 1) . However, not all
metals are thermodynamically favored to oxidize in the presence of Ga2O. Among the
alloy and impurity constituents of 304 SS, 316 SS, and Hastelloy C-276, only Cr, Mn, Si,
and V can be oxidized by Ga20 . Because metallic Ga was found below surface oxides, it
was believed that'alloy oxidation was required for Ga2O / Ga2O3 reduction .

The prior study indicated that 304 SS , 316 SS , and Hastelloy C-276 were
similarly attacked by Ga20 . 3 The similarities in behavior among the three alloys were
attributed to similar concentrations of oxidizable elements (%Cr + %Mn + %Si + %V).
Inherently , this argues that these alloys behave like ideal solutions , with no effect of the



matrix on oxidation or Ga uptake . Indeed , system thermodynamics calculations assumed
that the activities of the elements within the alloys were equivalent to their concentration,
given the lack of thermodynamic data . The fact that microstructural and alloying effects
do not appear to play a significant role for the iron- and nickel-based alloys does not
imply that this obse rvation is universal . In fact, the pure metal constituents of stainless
steel (Fe, Cr, Ni) alone have been found to be more reactive with Ga than the alloy . 8

Based on the experiments with the stainless steels and Hastelloy C-276, alloys
that contain approximately 20 wt% Cr, commercially pure Cr would be expected to be
severely attacked by Ga2O . However, the commercially pure Cr examined in this study
was oxidized less than the iron- and nickel -based alloys .

The Haynes 25 oxide was enriched with Cr and Mn, similar to that seen following
exposure of the iron- and nickel-based alloys .4 Elemental redistribution could not be
observed using MXRF or PIXE (Figure 4), but were noted from RBS data4 . Therefore, it
is concluded that the enrichment / depletion zone is on the order of microns rather than
the tens of microns observed for the iron- and nickel-based alloys . In contrast to the Co-
based Haynes 25, commercially pure Co did not form an appreciable oxide following
exposure. The lack of oxidation is attributable to the lack of oxidizable elements (i .e., Cr
and Mn). The oxide present on the Co samples is Ga203, as indicated by the lack of
oxidized Co (Figure 3) . Given the thickness, the oxide almost certainly results from
room-air exposure following removal from the furnace. Moreover, the oxide thickness is
on the order of that of a Co native oxide9'10 and orders of magnitude thinner than that
observed following oxidation of Co at 600°C to 800°C11,12 . Therefore, Co did not oxidize
to any measurable extent during furnace exposure .

The W - Cu alloy should behave like a mixture of W and Cu because the elements
are immiscible . 13 Based on the calculations4, both W and Cu should be resistant to
oxidation by Ga20 . For both commercially pure W and the W - Cu alloy, no significant
oxidation was observed . Note that W has a volatile oxide,6'7 so that it is possible for an
oxide to form and volatilize, leaving no evidence of oxide formation .

Commercially pure Mo would not be expected to corrode in the presence of Ga2O
at 1200°C based on the thermodynamics calculations . Indeed, no significant oxidation
was observed on Mo(A) and the oxidation of Mo(,) was greater but slight . Similar to the
Mo samples, neither Mo - Re(q nor Mo - Re(A) was appreciably oxidized ; however, Mo -
Re(l) oxidized to a greater extent . The increased oxidation appears to be attributable to Si
impurities within the material as the oxygen concentration profile appears to track with
the Si profile during XPS sputter depth profiling . As with W, it is possible for Mo to form
a volatile oxide,6 so that a lack of surface oxide following exposure does not
conclusively prove that oxide formation does not occur .

In summary only Cr and Haynes 25 were predicted to oxidize, based on
thermodynamics calculations . Experimental results agree wi th the calculations . Although
Mo and Mo - Re are not predicted to oxidize, slight oxidation does occur . The small
amount of Si impurity in the Mo-based materials likely explains the oxidation because
the oxygen concentration tracks with the Si concentration and because oxidation of Mo or
Re was not observed .



Thermodynamics calculations predict that W, Cu, Co, Mo, and Re will not
oxidize upon exposure to Ga20 at 1200°C . An excellent correspondence between the
predicted4 and observed oxidation of the examined materials is noted . The
correspondence suggests that the thermodynamic calculations are correct in predicting
corrosion in the presence of Ga20 at 1200°C . Based on our prior assumption that alloy
oxidation was a requirement for Ga uptake,3 it would be expected that none of these
elements alone or in combination would uptake Ga following exposure . Indeed, no
significant Ga uptake was noted for commercially pure W or Mo - Re, as predicted .
However, W - Cu (Figure 5), commercially pure Co (Figure 2), and commercially pure
Mo (Figure 2) all had near-surface concentrations of greater than 10 wt%. Therefore, the
assumption that corrosion is a prerequisite for Ga reduction and uptake must be incorrect .

Although activity data for Ga in the materials of interest are not available, an
analysis of system thermodynamics can be performed using a regular solution model and
a reasonable value for S2, the interaction parameter .4 Knowledge of S2 c an lead to a
quantitative prediction of Ga uptake . Unfortunately, these values are not available. As an
example, the affinities for Ga alloying in Cr and Co, in the presence and absence of
oxidation, were compared using 92 values of 8 kJ/mole and 3 kJ/mole, respectively .
Values for S2 were estimated from phase diagrams for Ga and metals of interest . S2 value
estimation from phase diagrams is crude but can be used to illustrate our point . For the
case of Cr, the free energ4y for alloying was more negative when Cr oxidation occurs, as
predicted by calculation . For Co, alloying in the absence of oxidation was more
energetically favorable . Therefore, the observation that certain metals alloy without
oxidation is supported by calculations of the system thermodynamics .

CONCLUSIONS

Alloys Haynes 25, 52 Mo - 48 Re, 62 W - 38 Cu and commercially pure Cr, Co,
Mo, W, and alumina were exposed to Ar - 6% H2 at 1200°C in an effort to screen the
materials for use in plutonium processing furnaces. As predicted by thermodynamics
calculations, only Haynes 25 and Cr appreciably oxidized, albeit to a lesser extent than
iron- and nickel-based alloys . The fact that these materials also contained less Ga than the
iron- and nickel-based alloys suggests that the extent of attack (oxidation, Ga uptake, and
elemental redistribution) cannot be predicted based on a simple rule of elemental
mixtures . Earlier work assumed that reduction of Ga20 was inextricably linked to alloy
oxidation and Ga uptake . However, Ga uptake in Mo, Co, and W - Cu occurred in the
absence of oxidation, suggesting that an alternate pathway for Ga uptake must exist .
Based on thermodynamics calculations, it was shown that Ga alloying can occur in the
absence of alloy oxidation for materials which do not contain Cr, Mn, V, Si or Al . An
apparent link between Ga solubility and Ga uptake was noted although kinetic factors
may limit Ga uptake. Preliminary results suggest that W, Mo - Re, and alumina are all
suitable for furnace construction based on their resistance to Ga20. None of these
materials experienced signific ant oxidation or Ga uptake . Additional work , including
long-term exposure testing, is needed to verify the suitability of these mate rials for
furnace construction .
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Material Sample
Thickness

Cr 1 .8 mm
Co 0.21 mm
Haynes 25 0.36 mm
W 0.041 mm
W-Cu 0.54 mm
Mo 0.23 mm
Mo - Re 0.079 mm
Alumina 0.98 mm

Table 1 - Thicknesses of samples immersed in Ga203 powder and exposed to Ar - 6 % H2

at 1200°C .

Material Oxide Thickness Ga Uptake Elemental Redistributio n

Cr(I) 5 - 20 µm 2 wt% max. at 20 pm n/a
below surface

Co 10 nm uniform 22 wt% n/a

Haynes 25(p > 4 µm 1 - 2 wt% at surface ; Surface Depletion : Co, Ni, W
< 1 wt% at 20 Surface Enrichment: Cr, Mn

W(I) < 10 nm 4 wt% at surface, n/a
zero at 15 nm

W - Cu(j) < 10 nm 10 - 20 wt% ; Macroscopic W and Cu phase

Ga tracks with Cu segregation
Mo(I) 100 - 500 nm 30 at% at surface ; 5 n/a

wt% at 20
Mo - Red] subsurface oxide < 1 wt% at surface; Surface Depletion : Mo

at 1 - 2 depth zero at 50 nm Surface Enrichment: Re

Alumina n/a none n/a

Table 2 - Summary of oxidation, Ga uptake, and surface depletion / enrichment

observations of in-powder materials .



1

Figure 1 - MXRF from the cross-section of commercially pure Cr, Co, W, Mo, and

alumina following exposure to Ar - 6 % H2 at 1200°C for 24h . Increasing b rightness is

proportional to increasing concentration of an element .
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