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This paper describes recent advances in work on direct methanol fuel cells (DMFCS) at Los
Alamos National Laboratory (LANL). The effort on DMFCS at LANL includes work on potential
portable power applications, supported by the Defense Advanced Research Project Agency
(DARPA), and work on potential transportation applications, supported by the US DOE. We
describe results obtained with DMFC stack hardware of cell width limited to 2 mm, that allows
operation with low air flow and at low air pressure drops. A 30-cell stack of 45-cm2 active area
has been fabricated and tested. Power densities of 300 Wfl and 1 kWZ (of active stack volume)
seem achievable under conditions applicable to portable power and transportation application,
respectively. DMFCS with significantly lower catalyst loadlngs have been demonstrated showing
maximum power density loss of only 20- 30% as the catalyst loading is lowered by an order of
magnitude. A 100 mW air breathing DMFC has been fabricated and tested demonstrating 3000
hours of continuous operation. Such air breathing DMFCS are behg further developed for
applications in consumer electronics.

Introduction

Mos~ if not all recent DMFC work has strongly focused on cells with polymeric, primarily
perfluorocarbon sulfonic acid (PFSA) membrane electrolytes. In work at LANL, thin film
catalysts bonded to the membrane, by a decal method or dkct application to the membrane,
provided best results in terms of catalyst utilization and overall cell performance [1].Recently,
machined graphite hardware has been replaced by alternative, non-machined flow-fiekl/b@olar
plate hardware, which enables effective air and aqueous methanol solution distribution along the
cell active area at reduced cell width of just 2 mm. We describe here development and testing of
DMFC technology at LANL in the contexts of portable power sources, consumer electronic
devices and potential transportation applications.

Experimental

(I) DMFC Shod Stack Fabrication& Testing: In 1999, we have moved, under DA.RPA
sponsorship, to the fabrication of a small DMFC stack to be incorporated by Ball Aerospace into a
portable power system. This effort targets a 50W/160Wh DMFC power source that could
potentially replace the “BA5590” primary lithium battery, used by the US Army in
communication systems. At thk poin~ we have assembled and tested a 30-cell DMFC stack of
45-cm2 active area. Figure 1presents a photograph of the 30-cell stack assembled and tested at
LANL. In operation on 0.5M methanol and air, peak power near 80W was obtained at 60”C (at
14V) , with ambient air stoichiometric flow of 3x. An important feature of this DMFC stack
technology is a narrow width (“pitch”) per cell of 2 mm, achieved while ensuring minimized
pressure drop across the stack. The tight packaging has generated, under such benign operation
conditions, an effective power density of close to 300 Wper liter of active stack vohun~
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Introduction

Recently established initiatives to
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reduce plutonium compound holdings within the

the processing of these compounds at elevated

temperatures (800”C to 1200”C).* However, many plutonium compounds contain Ga. The

processing of Pu compounds, which involves the intentional or unintentional separation of Ga or

Ga203 from Pu or PuOZ, has adverse consequences with respect to furnace materials. Common

materials of construction such as iron- and nickel-based alloys have

processing of PUOZcontaining Ga203. Failures were attributed to

volatility as compared to Ga203 or Ga.

failed in service following

Ga20 given its very high

Our previous study examined the failure of AISI 304 SS, AISI316 L SS, and Hastelloy

C-276 (a Ni - Cr - Mo alloy).2 All three alloys were attacked following exposure to GazO /

Ga203 at 800”C to 1200”C. Significant oxidation, Ga uptake, and elemental redistribution were

observed following exposure of the three alloys. The following electrochemical reaction was

hypothesized to be responsible for both GazO reduction and alloy oxidation:

EM+ Ga20(g) = ~ikluOv + 2Ga(l) , (4)
v v

It was asserted that, following reaction, Ga metal was available for diffusion into the alloy.

Ga20 was found to be primarily responsible for iron- and nickel-based alloy oxidation

although Ga203 alone was shown to be capable of attack. 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 GazO, as shown by their enrichment in surface oxides and by

thermodynamic calculations. Ga uptake severely degraded the mechanical properties of 304 SS,

as shown by four-point bend tests. Uniform Ga concentrations of 20 wt% promoted a low

energy, brittle fracture.2

Little is known about the effects of Ga on the fracture behavior of 316 L SS. Some

limited data on Ga liquid metal embrittlement of stainless steel exist.3 However, to our

knowledge, there is no information on the effects of GazO gas enhanced cracking of 316 L SS.

Therefore, the objective of this study is to determine the effects of Ga20 exposure at 1150”C on

the crack initiation and propagation behavior of316 L SS compact tension (CT) specimens.
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Experimental Procedure

Sample Preparation

The composition of the 316 L SS CT specimens used in this study is shown in Table 1.

The material had a reported yield and tensile strength of 256 MPa and 562 MPa respectively.

The CT specimens were machined with a width W of 30.48 mm, a gross thickness b of 6.35 mm,

and an initial crack length zJW of 0.45. Specimens were side-grooved such that the net thickness

between the side-groove notch roots was 5.08 mm. Samples were machined in the L-T

orientation from 9.53 mm plate. Note that recrystallization of the CT specimens occurred during

heat treatment (see below). Sample thicknesses were not corrected for metal loss following

oxidation given the variability of oxide thickness and the modest loss of metal (< 150 pm for

samples with less than 4 wt% Ga uptake).

Prior to exposure, specimens were fatigue precracked in 22°C, nitrogen-rich, laboratory

air in load control on a servohydraulic test machine using pinned, freely rotating grips. (The

nitrogen enrichment results from the temperature controller which uses liquid nitrogen to cool

the chamber surrounding the specimen.) The fatigue precrack parameters were AP = 2900 N

(AK =24 MPadm at test start), load ratio R = 0.04, and frequency= 5 Hz. The final a/W was

approximately 0.5. Following precracking, the specimens were ultrasonically degreased in

ethanol and weighed (approximately 65 g each).

Specimens were encapsulated in a quartz vial under vacuum (20 rnicrotorr) along with

various amounts of a stoichiometric mixture (4 Ga : 1 Gaz03 (mole %)) of Ga metal and Gaz03

placed in a nonreactive alumina crucible. The quartz vial was placed into a box furnace for 21

days and heated at 1150°C. Heating the Ga + Ga203 mixture to 1150°C results in the production

of Ga20, which is not stable at room temperature.4 Ga20 reacts with 316 L SS, resulting in Ga

uptake.

Following exposure, the specimens were removed from their vials and weighed. Samples

were subsequently tested in accordance with the general practices of ASTM E399 and E8135’6,

although sample widths were insufficient to meet the criteria of these standards. Tests were

performed in room temperature laboratory air using crosshead displacement or crack mouth

opening displacement (CMOD) feedback control. Load, potential drop, crosshead displacement,

and crack mouth opening displacement were monitored. The tests employed a monotonically

rising CMOD rate of 1 pmh. Crack length was monitored using the direct current potential drop
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(DCPD) method (2.5 A current). A calibration curve was used to relate DCPD to a following

drift and contact potential correction. The onset of crack extension was determined by the

deviation of the DCPDvs. time measurement from linearity. Following thetermination of the

test, samples were removed from the grips, heat-tinted (500°Cfor 30 minutes), and returned to

thetest machine to break thesample in half. Optical microscopy wasused toestablish the extent

of crack growth. Replicate tests on three vacuum-exposed samples (i.e., O wt% Ga) indicated

good reproducibility, with Kthvalues +/- 5%.

Micro X-ray fluorescence (MXRF) measurements examined the region beneath the

fracture surface. -The fracture surface was cut from the specimen and the remaining specimen

was degreased in ethanol prior to examination. An EDAX Eagle MXRF instrument was used to

obtain both elemental images and point spectra of the specimens. The spectrometer is equipped

with a 100 W Rh X-ray tube. The tube was operated at 35 kV, 100 @ with a 50 pm aperture.

The images are acquired in a dynamic mode, where the sample is scanned and the X-ray

fluorescence is detected concurrently. The acquisition times for the point spectra are around 300

s live time. The elemental concentrations were obtained by using the ASAP (Kevex) program,

which employs a no standards routine to generate concentration values. The point spectra were

background subtracted and the net intensities used for the calculations of the concentrations.

Results

The changes in CT specimen mass following exposure are shown in Table 2. Samples 1-

3 were control specimens, i.e., they were encapsulated under vacuum without any Ga203 + Ga

mixture. Ga uptakes between 0.6 wt% and 14 wt% occurred, as determined by mass

measurement. Ga uptakes were proportional to the quantity of Ga + Ga203 mixture enclosed

within the capsule. All of the mixture reacted and was consumed by the sample during the 3

week exposure. Significant corrosion is observed following removal from the capsule. The

distribution of selected alloying elements, including Ga, within a specimen is shown in Figure 1.

Significant elemental redistribution is observed, with Cr, Mn, and Si enrichment at the surface,

and Fe, Ni, and Mo depletion. This is in agreement with earlier research? No elemental

redistribution was observed in specimens heat treated under vacuum without Ga or samples

exposed to Ga liquid (not shown). Unlike 3 week exposures with < lmm thick plate specimens,

the Ga distribution in the CT samples was not uniform. Relatively large concentrations are

present at the surface as compared to the specimen interior. For instance, the 3.5 wt% Ga sample

contained approximately 9 wt% Ga at the surface adjacent the specimen side grooves (as



determined by energy dispersive spectroscopy (EDS)), but the Ga concentration in the interior of

the sample was not detectable by EDS. A coarse integral of the Ga concentration over the cross-

section is in good agreement with mass measurements.

Mechanical tests were performed on vacuum heat treated, GazO gas, and Ga liquid

exposed specimens. An example of measured and calculated data originating from a mechanical

test is shown in Figure 2. The calculated stress intensity and crack length, and the measured

load, potential, crosshead displacement, and crack mouth opening displacement are plotted for

specimen 3 as a function of test time. Crack initiation was determined by the deviation of the

DCPD vs. time measurement from linearity, as indicated by the vertical line in Figure 2. At

crack initiation, the threshold stress intensity (Kti) is 41 MPa~m. Note that linear elastic fracture

mechanics solutions for 316 L SS specimens having a width of 6.35 mm do not meet the plane

strain criteria of ASTM E399 unless significant embrittlement occurs. 316 L SS specimens

having a width of 6.35 mm do not meet the elastic - plastic criteria of ASTM E813 either. Using

J-integral analysis, the measured JQ (530 kJ/m2) cannot be declared Jic. Therefore, because plane

strain conditions cannot be met for J or K analysis, Kth is used in this paper as an estimator of

fracture toughness even though it is only semi-quantitative.

Ductile fracture is observed on samples with less than 3 wt% Ga from fractography

(Figure 3). The fractographs reveal microvoid coalescence and an absence of brittle features. In

contrast, samples with greater than 10 wt% Ga do not exhibit ductile fracture, as evidenced by

the fracture surface. A faceted fracture surface containing terraced and flat features is observed.

The fracture appears intergranular. The fracture surface of the 3.5 wt% Ga sample contained

features from both low and high Ga samples (Figure 5). The crack is intergranular at the edges

of the crack, adjacent the side grooves. The interior portion of the crack away from the edges

exhibits microvoid coalescence.

Kth values are plotted as a function of Ga concentration in Figure 8. A Ga uptake of 0.6

wt% did not reduce the fracture toughness of the sample by any measurable extent. Uptakes of

greater than 1 wt% did result in a loss in fracture toughness, with Kti decreasing with increasing

Ga uptake. The K~hvalues for the samples with greater than 10 wt% Ga are upper bounds on the

actual values because the crack extension did not occur in the crack plane formed by the side

grooves. Indeed, the sample with 12 wt% cracked perpendicular to the crack plane (Figure 4)

and the 14 wt% Ga sample experienced crack initiation at the specimen loading holes.



Stable crack growth occurs during crack extension of samples with less than 3 wt% Ga as

indicated by the monotonically rising K with CMOD (Figure 6). Periods of unstable crack

extension are observed for specimens containing large amounts of Ga, i.e., >4 wt% Ga (Figure

7). The 3.5 wt% Ga sample displayed generally stable crack extension, but small periods of

unstable crack extensions are observed, as indicated by the small K drops in the plot of Figure 6.

Additional tests were run with Ga liquid to deconvolute the corrosion effects (i.e., the

elemental redistribution effects) from the effects of Ga uptake. Samples were alloyed with liquid

metal Ga (30 day exposure, 400°C) and homogenized (1150°C, 21 days) prior to testing in air.

Typically, samples are fatigue precracked immediately prior to rising displacement

testing. However, for this study, the fatigue precrack occurred prior to heat treatment / Ga

exposure and the rising displacement occurred afterwards. In order to determine the effect of

heat treatment on the fatigue precrack, two samples were fatigue precracked following the heat

treatment. Rising CMOD tests on the samples indicated that Kti is within experimental error.

That is, fatigue precracking the sample prior to heat treatment had no effect on the measured Kti.

Discussion

In-service failures of iron- and nickel-based alloys occur in the presence of Ga20 at

elevated temperature, 800°C to 1200°C. Because of the difilculty of testing fracture mechanics

specimens at in a GazO environment at these temperatures, the experiments discussed in this

paper employ pre-exposure followed by room temperature testing. Increased susceptibility to

cracking observed from the present set of tests cannot be termed stress corrosion cracking

because the environmental exposure is not concurrent with the mechanical testing. That said, the

current set of tests is instructive in understanding in-situ cracking. Indeed, this series of tests has

a clear analog in hydrogen embrittlement testing where fracture mechanics specimens are

hydrogen pre-charged in Hz gaseous or aqueous solutions and subsequently tested in air. The

Ga- and H-induced fracture processes are similar - a monovalent oxide is reduced, resulting in

alloy corrosion, surface enrichment and depletion, and absorption of an embrittling species. The

primary difference between “conventional” H embrittlement and Ga embrittlement discussed

here is that the high temperature GazO environment results in large scale elemental

redistribution.
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Earlier tests on e lmm thick samples indicated that the Ga content within 316 L SS was

homogeneous following a 17 d exposure to GazO at 1150”C.2 It was believed that the 21 d

exposure employed for the 5 mm thick CT specimens would be sufficient to homogenize the Ga

concentration in the specimens. It was not. Thus, interpretation of mechanical testing results

from CT specimens is complex because the near-surface Ga concentration is greater than that in

the interior of the specimen. Therefore, Kti values can be considered to be only semi-

quantitative.

Ga20 reduction causes selective oxidation of alloying elements, specifically Cr, Mn, and

Si.2 One result is the reduction of alloy available for supporting applied load as a result of

conversion to oxide. This quantity of metal loss from the thickness was modest for samples with

<4 wt% Ga (< 150 pm, which is less than 3% of the specimen thickness), but more significant

for samples with >10 wt% Ga (approximately 500 pm, which is roughly 10% of the thickness).

The amount of material “loss” is proportional to the amount of Ga + Gaz03 with which a

specimen is encapsulated and the amount of Ga uptake by the specimen. Another result of GazO

reduction is elemental redistribution within the sample, with Cr, Mn, and Si enrichment at the

surface. A third result of the GazO-induced corrosion is the uptake of elemental Ga into the

metal following reduction. Uptake results from the thermodynamic driving force for alloying,

which varies slightly with alloy composition. Because the Ga volubility in Fe, Ni, and Cr is very

roughly similar, uptake does not vary greatly between Fe- and Ni-based alloys.2 In summary, the

composition of the surface of alloys exposed GazO gas is very different from that of the Fe- and

Ni-rich interior due to elemental redistribution and inhomogeneous Ga distribution.

At the concentrations absorbed in the alloy, Ga does not appear to form an interrnetallic.
I

Rather it fonrk a solid solution. The lack of interrnetallic formation is inferred from

thermodynamic data and a variety of surface science measurements.2 However, intermetallic

formation cannot be definitively precluded. Analogous to H embrittlement, compound (i.e.,

hydride or intermetallic) formation is not required for embrittlement. Intrinsic embrittlement

following Ga uptake can and does occur.

Increasing Ga uptake, as measured by mass gain, increases the near-surface Ga

concentration within the specimens. For instance, the sample with 3.5 wt% Ga had a Ga

concentration of 9 wt % at the surface. Both samples had an interior Ga concentration below the

detectable limit using EDS (< 1 wt%). A larger net Ga uptakes result in a larger through-

thickness Ga gradient in the specimen from edge to centerline.
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K,h for the control specimens (O wt% Ga) was measured to be 41 MPadm (+/- 1.8

MPa~m, 3 replicate tests). Kth for the control specimens is significantly less than that for

specimens from as-received plate (53 MPa~m +/- 3.8 MPadm, 4 replicate tests) as a result of the

heat treatment. The samples with less than 1 wt% revealed no embrittlement within

experimental error (Kti = 41 MPa~m). However, embrittlement is observed when the net Ga

concentration exceeds 1 wt~o (Figure 8). Kmfor the 1.1 wt% Ga testis 33 MPa_dm,less than the

40 MPadm (+/- 1 MPa~m) observed from the control specimens. Further increases in Ga

concentration decrease the driving force required for stress corrosion crack initiation, as

measured by Kttt. At Ga concentrations beyond 10 wt%, specimens were embrittled to the point

that fracture did not initiate at the fatigue precrack. Therefore, the Kthvalues shown in Figure 8

for these specimens are upper bounds rather than actual initiation values.

In addition to decreasing Kth, increasing Ga content increases the susceptibility to

unstable crack extension. Stable crack extension is observed following crack initiation in

samples with less than 3 wt% Ga, as indicated by the increasing load / K trace. Periods of

unstable crack growth are seen in samples with greater than 3 wt% Ga. The magnitude of the

unstable crack extension increases with Ga content (Figure 6 and Figure 7). Thus, increasing Ga

content affects both crack initiation and crack propagation. Note that embrittled samples (e.g.,

the 1.1 wt% Ga sample) do not necessarily experience unstable crack growth.

Fractography also supports the assertion that increasing Ga concentration promotes

embrittlement. Samples with less than 3 wt% Ga reveal ductile fracture as indicated by the

dimpled fracture surface (Figure 3). Samples with greater than 10 wt% Ga revealed apparently

intergranular fracture, displaying relatively straight parallel markings which extend across the

grain diameter (Figure 4). Fracture surfaces of the highly embrittled alloys were faceted, with

terraced and flat features. Fracture surfaces with these features have been associated with low-

energy failures such as hydrogen-induced slip band fracture.7>8The failures of samples with >10

wt% Ga are clearly low energy, as seen from the load required for crack initiation. The sample

with 3.5 wt% Ga displayed a mix of ductile and brittle features (Figure 5). The outer 1 mm of

the crack front, nearest the specimen surface, appeared to crack intergranularly. The center 3

mm of the specimen experienced microvoid coalescence. The regions of intergranular cracking

clearly correspond to regions of relatively high Ga (Error! Reference source not found.). The

abrupt change in crack morphology occurs at the boundary between regions of low and high Ga

concentration. The crack extension following initiation was not uniform in the 3.5 wt% Ga

sample. Crack extension of the near-edge, intergranular regions was much greater (7.0 mm) than

that of the ductile interior (0.7 mm).
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Conclusions

316LSS insusceptible toenvironmentd cracting in GazOatmospheres resulting from

Pu processing. 316 L CT specimens exposed to the gas evolved from a mixture of Ga metal and

Ga203 powder revealed embrittlement as determined by Kth, surface science, and fractography.

Net mass gain was used as a coarse measure of Ga uptake, even though through-thickness Ga

concentrations were not homogeneous. Ga uptakes of less than 1 wt% did result in

embrittlement. Ga uptakes of greater than 10 wt% resulted in severe embrittlement such that

accurate Kth values could not be obtained. Samples that absorbed between 1 and 10 wt% Ga

displayed traits of both severely embrittled specimens and nonembrittled specimens. Increasing

Ga content decreased the driving force for crack initiation and increased the intergranularity of

the fracture surface. Increasing Ga content also affected crack growth in the samples, with larger

Ga concentrations promoting unstable crack growth. Greater Ga corrosion promoted both larger

Ga absorption and larger elemental redistribution within the specimen. Cr was shown to

preferentially migrate to the surface, yielding a predominantly Cr - Ga newedge material.
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c co Cr Cu Fe Mn Mo Ni P s Si

Weight Percent 0.01 0.0216.290.02 rem. 1.61 2.53 10.090.02 0.02 0.57
Atomic Percent 0.05 0.0217.410.02 rem. 1.63 1.47 9.55 0.03 0.04 1.13

Table 1-316 L SS composition.

ESample

Amass

11213141516171 8I9I1OI11I

0.00 I 0.00 I 0.00 I 0.61 I 1.13 I 3.53 I 11.7 I 13.7

Table 2- Percent mass change of CT

exposed to Ga20.

specimens following exposure. Samples 4 - 8 were
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Figure 1 - MXRF images from various 316 L SS CT specimens following GazO exposure.

Images are from just below the surface. The sample edge in each image is a/W = 1 (Owt% Ga

and 1.1 wt% Ga, right edge; 3.5 wt% Ga, left edge). Ga concentrations as determined by mass

gain are shown at left. Increasing intensity represents increasing concentration.
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Figure 2- Plot of stress intensity, crack length, load, potential, crosshead displacement, and

crack mouth opening displacement as a function of time for a 316 L SS specimen vacuum heat

treated for 3 weeks.
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Figure 3- Micrograph of the fracture surface of Figure 2.
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Figure 4- Photograph of specimen 7 (top) and micrographs of the fracture surface following the

test of Figure 7 (bottom).



Figure 5- Micrograph of the fracture surface of 3.5 wt% Ga sample.
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