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ABSTRACT

The purpose of the investigation reported here was to examine some of
the mechanisms responsible for the premature failure of certain solid
metals when stressed and exposed to liquid metals. A feature that appears
to be associated with this phenomenon of liquid metal embrittlement, as it
is called, is the presence of regions of stress concentration such as pre-
cipitates and crystal defects (dislocations, stacking faults, etc.) in the host
metal. To determine their effect on the susceptibility to embrittlement of
the host metal, the type and density of these regions were varied by sub-
jecting to various mechanical and thermal treatments t:, commerical,
age-hardening aluminum alloys containing 4.3% Cu (2024 aluminum) and
6.3% Cu (2219 aluminum) and an alpha-brass, Cu-30% Zn, with a low stack-
ing fault energy.

The results of tensile and bend tests of the aluminum alloys, when un-
wetted or wetted with mercury at room temperature, indicate that those
specimens subjected to artificial aging (176°C for 19 hours) embrittled
more readily than specimens aged at room temperature after solution
treatment. Examination by transmission electron microscopy of the heat
treated and wetted aluminum alloys revealed a .2elatively higher density
of precipitates present in the specimens which embrittled more easily
than in those found less prone to embrittlement. Microcracks, both trans-
crystalline and intercrystalline, were found in the stressed aluminum
alloys exposed to mercury. Dislocation networks and stacking faults, as
well as transcrystalline cracks, were observed in the Cu-30% Zn samples
stressed in tension and wetted with mercury.

A study was also made of the possible interaction of the liquid metal
atoms with the host metal. It was postulated that the liquid metal atoms
could sharpen the crack tip, thus reducing the stress necessary to propa-
gate the crack, and that this could be related to a change in lattice param-
eter. Examination by x-ray diffraction of aluminum, zinc, and Cu-30% Zn
filings made in air and in mercury at room temperature revealed lattice
parameter changes that seemed to correlate with the embrittling charac-
teristics of mercury.

It may be concluded that:

1 Propensity to embrittlement by a liquid metal can be heightened by
increasing the density of stress concentration regions in the host
metal;

ix
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2 Transcrystalline cracking in the aluminum specimens indicates
that grain boundaries probably play a secondary role in liquid metal
embrittlement, although failure can also occur along such boundaries,
if present;

3 Stacking faults Lnd dislocation networks in the stressed alpha-brass
specimens exposed to mercury render the material more susceptible
to embrittlement;

4 The liquid metal atoms may affect the lattice parameters of the host
metal, but the interaction is not fully understood.
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INTRODUCTION

When a solid metal is wetted with a liquid metal and stressed below or
slightly above its normal yield point, it fails prematurely. The exact cause
of this premature failure, or liquid metal embrittlement, is not known;
however, certain features associated with the process have been observed

frequently Chief among these features is the requirement that the ma-
terial exposed to the liquid metal be subjected to a stress (residual or
applied), or contain regions of stress concentration, ouch as precipitates
and crystal defects (dislocations, stacking faults, etc.). The type, distri-
bution, and density of these crystal defects as well as of precipitates are
influenced by the heat treatment given to the specimen. Thus, heat treat-
ment is expected to affect the mechanical properties of a stressed ma-
terial exposed to a liquid metal.

To elucidate the mechanism whereby the regions of stress concentra-
I tion interact with the liquid metal to promote premature failure, it is of

cons-quence to obtain quantitative information about them. Since crystal
defects and precipitates in their early stages can be resolved only at

S magnifications obtainable with I -- electron microscope, a logical prxced-
ure is to use transmission electron microscopy for studying them.

Another feature of liquid metal embrittlement is that a running crack
stops propagating once the supply of the liquid metal is cut off (Refer-
ences 1 and 2). This suggests that some form of interaction may take

S place between the ,':qnuid metal and the host metal at the crack tip. One
possibility is that the liquid metal atoms may react with the host metal
in such a way that a sharpening of the crack tip occurs. This would leadI to further propagation of an existing crack or to the growth of an incipient
crack. The effect may be related to a reduction of the lattice parameter
of the host metal by the liquid metal. Such a reduction, if sufficiently

~ large, could be detected by x-ray diffraction methods.

I
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I. EXPERIMENTAL PROCEDURE

A. MATERIALS

Three commercial alloys known to be embrittled by mercury were
chosen for study. Two of these were age hardening aluminum alloys with
4.3% Cu (2024 aluminum) and with 6.3% Cu (2219 aluminum), and the third
was an alpha-brass (Cu-30%0 Zn). The nominal and actual compositions
are given in Table I. The Al-4.3% Cu alloy w,.s received in tha T4 con-
dition (aged at room temperature after solution treatment), while the Al-
6.3%6 Cu alloy was received in the T81 condition (aged at 175°C for 45 min-
utes after solution treatment). Besides these alloys, two pure metals,
aluminum and zinc, also known to be affected by mercury, were selected
for x-ray diffraction studies.

B. TREATMENT OF SPECIMENS

The aluminum alloy specimens were examined in the following condi-
tions, for which the type, density, and distribution of precipitates differed:

1 Cold worked (CW) by rolling to 96 percent reduction in thickness
from 0.094 inch to 0.004 inch;

2 Aged at room temperature (RTA treatment) for more than two days
after solution treatment (5400C for 45 minutes in vacuum and water
quenched to 0*C);

3 Artifically aged (AA treatment) at 175°C for 19 hours after the solu-
tion treatment.

The alpha-brass specimens were heat treated (HT) in vacuum at 5400C
for 45 minutes and quenched in water at 00 C; this removed most of the
cold work (CW) from the material in the as-received condition.

C. BENDING TESTS

For the bending tests on the aluminum alloys, strips 1/4 inch wide by
6 inches long were cut from the as-received material which w&is 0.094 inch
thick. They were then stressed by bending to an angle, # 9 degrees.
Similarly, the alpha-brass, which was received as a foil 0.003 inch thick,
was cut into strips (1/4 inch by 2 inches) and stressed by bending to an
angle, 9 :t 20 degrees. After the samples were stressed, mercury was

1
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api tol, bent area with the aid of an aequeous acid solution as de-
oxidizer, and the samples bent till fracture occurred.

D. TENSION TESTS

The complete stress-strain curves (up to fracture) in tension were de-
termined on an Instron machine using flat (0.004 inch thick) test pieces
with a guage dimension of 0.500 inch by 0.095 inch. The test pieces were
prepared from the starting material (0.094 inch thick) by cold rolling it,
with intermediate anneals, down to a final thickness of 0.004 inch, which
was also a suitable starting thickness for the preparation of transmission
electron microscopy samples. To remove the cold working introduced
into the specimens during the final cold rolling and cutting, the flat tensile
pieces were solution heat treated in vacuum for 45 minutes at 540'C and
water quenched at 01C. All specimens were tested at a strain rate of 6.0
x 10-4 sec- 1.

E. WETTING PROCEDURE

In all cases, wetting of the samples by mercury was enhanced by using
a deoxidizer. In the case of the aluminum alloys, the deoxidizer was 40
percent HF; for the alpha-brass, it was 40 percent HCL. Throughout this
report it is to be understood that "wetted by mercury" means that the
specimen was "wetted by mercury using a deoxidizer."

For the tensile specimens, deoxidizer and mercury were applied at the
gauge section, which was then wiped dry before mounting the specimen on
the Instron tester. Both bend and tension tests with deoxidizer only gave
the same results as without deoxidizer, showing that the deoxidizer did not
affect the mechanical behavior of the materials.

F. PREPARATION OF SPECIMENS FOR TRANSMISSION
ELECTRON MICROSCOPY

The specimens for transmission ele"tron microscopy were prepared
from 0.004 inch thick foils bv electrolytic polishing methods (Reference 3).
An electrolyte, consisting of 20 percent perchloric acid and 80 percent
absolute alcohol, was used for the aluminum alloys, while a solution of 33
percent nitric acid and 67 percent methanol was used for electropolishing
the alpha-brass specimens.

In a number of cases, specimens that had been wetted with mercury
were prepared fo, transmission electron microscope examination by elec-
tropolishing from only one side. The wetted side was protected by a lac-
quer so that the surface areas exposed to mercury remained relatively
undisturbed during electropolishing.

3



A Siemens Elmiskop I, operating gernirallv at 100 kilovolts, was em-
ployed.

G. PREPARATION OF SPECIMENS FOR X-RAY
DIFFRACTION STUDIES

Specimens from a number of materials (pure aluminum, pure zinc andCu-30% Zn) were filed at room temperature in air and in mercury. Aftercentrifuging to remove as much excess mercury as possible from thosefilings prepared under mercury, the filings in both cases were compactedinto rods (diameter: 2.2 mm) and examined at room temperature on aGeneral Electric x-ray diffractometer using a Debye-Scherrer geometry
and Cu-Ka 1 radiation (X 1.54050 A).

4



II. RESULTS AND DISCUSSION

This section describes the results obtained from the embrittlement
tests of specimens exposed tc mercury while stressed by bending and in
tension, as well as observations from transmission electron microscopy
and x-ray diffraction.

A. EMBRITTLEMENT OF SPECIMENS STRESSED BY BENDING

For the aluminum alloys in the as-received condition, brittle fracture
followed almost instantly when specimens were bent and wetted with mer-
cury. These same specimens when unwetted could be bent to g % 130 de-

grees without fracture. Similar results of premature failure were ob-
served in the alpha-brass foil strips when wetted with mercury. These
tests served to confirm the embrittlement by mercury of these materials
in their as-received state, in accordance with results reported in the liter-
ature (References 1 and 4).

B. EMBRITTLEMENT OF SPECIMENS STRESSED IN TENSION

The results of the tensile tests for the aluminum alloys and the brass
specimens, heat treated in varicus ways and tested in the wetted and un-
wetted conditions, are shown in the true stress-strain curves of Figures
1 and 2. Critical points from these curves are summarized in Tables II
and III, and discussed briefly below.

1. Fracture Stress Observations

The degree of embrittlement of a solid metal may be expressed in terms
of the fracture stresses and strains of the wetted specimens as compared
with those of the unwetted specimens. Such comparisons of fracture stress
and fracture strain values are shown in Table II. The cold worked aluminum
alloys exhibit a considerably lower percentage reduction in fracture stress
and strain than the solution treated and aged specimens. This effect may
be attributed to the higher dislocation density in the cold worked specimens.
Thus, under the influence of an externally applied tensile stress, there is
a greate,' likelihood that in the cold worked specimens some of the dislo-
cations could coalesce to form microcracks at the surface, and these could
then interact with the liquid metal atoms with resulting embrittlement.

5
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TABLE II

Percent Reduction in Fracture Stress and Strain in Cold Worked,
Solution Treated and Annealed Specimens Exposed to Mercury

R (a) R (if)

Specimen CW RTA AA HT CW RTA AA HT

Al-4.3% Cu 8.5 24.0 - - 5.3 87.9 - -

Al-6.3% Cu 2.9 4.6 25.2 - 3.0 23.5 72.9 -

Cu-30% Zn 33.9 - - 62.4 91.5 - - 94.7

Notes:

Specimens are flat tensile test pieces (thickness: 0.004 inch; gauge
dimensions: 0.095 inch by 0.500 inch)

R (Uf) f percentage reduction in fracture stress defined by:

[af (Dry) - af (Wet)] 100
fa f(Dry)

where af = fracture stress 'kg/mm )

R (cf) percentage reduction in fracture strain defined by:

[4f (Dry)- (Wet) 100
(Wet) i f (Dry)

where Ef = fracture strain

CW = cold worked by rolling to 96 percent reduction in thickness

RTA = aged at room temperat ire for more than 2 days after solution

heat treatment (45 minutes at 540'C, water quenched at 00C)

AA = artificially aged for 19 hours at 175°C after solution treatment

HT = heat treated (45 minutes at 540 0C, water quenched at 0°C).

8

• m • wwmw • m m• w~mmmmmw~ ~ mmm ~ mmI mmmm4m$m~ ma~ mw m~ m mm



IL

ID

00 So

0 
c

V tf L C

co v 0)Q

0) 1b 04e
a))C

Cd Cd

CD. 4-4 4-

CV* . I -. C 0 a)

0 -q C)oI -

Or- C)VIX
0 b

C) a)
0 rn $.IA 0 4- C)

0 0 b~'O
00 -4 '-4NV z

0 0-4 0 C
'O V' cn 0. m 10 b

-64 C 0 la

0w 0 ,u aw

'I +



U

In the aged samples the dislocation density appears to be quite low.
During deformation, dislocations are generated and interact with the pre-
cipitate. Clearly it takes more deformation in these cases to build up a
situation susceptible to embrittlement, and the exact amount is dependent
on the aging treatment, which determines largely the size and distribution
of the precipitate (Section C).

In the alpha-brass specimens, which do not form precipitates, other
mechanisms, such as dislocation networks and stacking faults introduced
by heat treatment and deformation, must be invoked to account for the
slight increase in propensity to embrittlement as indicated by the increase
in percentage reduction of fracture stress and strain shown in Table II.

2.Yield Point Observations

The slight variations between the yield points of wetted and unwetted
specimens subjected to the same heat treatment (Figures 1 and 2, and
Table III) must be viewed with reserve. The results are preliminary
since the,; are based on an insufficient number of tests. To establish a
standard of deviation for the yield point values, further tests are necessary,
which will determine whether or not the differences observed are within
the experimental scatter. Other investigators (References 4 and 5) have
reported no effect on the yield point of materials exposed to liquid metal
Although the difference in the yield point is sometimes positive and some-
times negative (Table III), the effect, if real, could be discussed in terms
of the liquid metal influencing the release or unpinning of dislocations at
the yield point (Reference 6). Such a discussion is best delayed till more
data are gathered.

C. TRANSMISSION ELECTRON MICROSCOPY OF SPECIMENS

Transmission electron micrographs of the aluminum alloy and alpha-
brass specimens are shown in Figures 3 through 8. These illustrations
show the microstructural features and crystal defects arising from the
heat treatments given the specimens, exposure to mercury, and deforma-
tion by tensile stress.

The solution treated and age hardened aluminum alloys were charac-
terized by the presence of precipitates and dislocations while the partially
annealed alpha-brass was found to contain dislocation networks, pile-ups
at grain boundaries, and stacking faults.

10



AM *P-Adif

lisp

114
.It~

Ta ypical grain boundaric, (A). and precipitates (b) Helical dislocatiotns (A). and precipitateb (B)

(B. C). I-ing at different orin tatiofla relativeQ2

to foil surf." 0

(0) Jright-fx.'ld train~mianion electron micirograph * *j(d) )ark-field image of Figure 3(c). (A). (B). and .of prtripitates (A) and tB) lying within a bigh. l (C) represent by a revcrsal of phar- contrast. 03nglt grain boundary (C) 0. F the dark field imagt of th cot respondingly 0.5F
labeled objects in rigur. 3(c)

Figure 3. Tri-.nsmiqsion Electron Micrographs of Al-4.3% Cu (2024 Alu-
minum) After Solution Treatment (540*C, 45 Minutes, Water Quenched to

00C) and Aging at Room Temperature for More Than Two Days



(a) Region ihowing junction of three grains with _......J
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Figure 4. Transmission Electron Micrographs of A1-6.3% Cu (2219 Alu-
minum) in As-Received Condition
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Figure 6. Stacking Faults and Dislocation Networks in Cu-30%, Zn Partly
Annealed by Heat Treatment at 540°C for 45 Minutes and Water

Quenched at 0°C
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and Stressed Slightly Beyond its Yield Point
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"i'igure 3 shows trarsmission electron micrographs of Al-4.3% Cu after
the AA treatment. The precipitates appear to be cylindrical in shape, as
may be seen from (B) and (C) in Figure 3(a). Figure 3(b) shows, in addition
to the precipitates (B), helical dislocations such as (A), which have been
interpreted as resulting from condensation, during quenching, of vacancies
onto dislocation lines.

Although precipitates in the Al-4.3% Cu alloy, such as those shown in
Figure 3(a) and 3(b), have been observed in aluminum-copper alloys of1 similar composition (Reference 7), the possibility that these structures
may be due to surface contamination was investigated by taking bright-
and dark-field micrographs of the same area (rectangle in Figures 3(c)
and 3(d)) containing the precipitates. A partial reversal in contrast for
the precipitates marked (A) and (B) in Figures 3(c) and 3(d) indicates
strongly, but not conclusively, that these structures are probably true
,•,recipitates and not surface contamination. However, other experimental
t.-.-,s are available and will be applied in future experiments to determine
t_. rue nature of the precipitates.

The Al-6.3% Cu alloy (Figure 4) also exhibits, in the as-received T81
condition, a considerable amount of precipitation. The precipitate density
varied from - 0.8 x 1010 cm- 2 (Figure 5(c)) to -• 3.0 x 1010 cm- 2 (Figure
4(b)). Figure 4(a) shows grain boundaries (A) and strain fields (C) around
precipitates (B).

The two aluminum alloys subjected to the same heat treatments be-
haved differently with regard to the formation of precipitates. Typical
electron micrographs of these precipitates are shown in Figure 5. Pre-
cipitates were always present in the Al-4.3% Cu (Figures 5(a) and 5(b))
whether held at room temperature or at 0°C after solution treatment and
quenching. The micrograph shown in Figure 5(a) was obtained from a
specimen aged at room temperature, while Figure 5(b) was from one aged
at 0°C. No difference in precipitate density (- 5.0 x 109 cm- 2 ) was ob-
served between the two specimens.

In contrast to this, the Al-6.3% Cu alloy showed reiatively fewer pre-
cinitates when aged at 0°C than when aged at higher temperatures, indi-
cating that precipitation is more readily inhibited in this alloy. Although

Table I indicates that both alloys have almost the same amount of aluminum
as solvent, the proportion of solute elements is not the same. The Al-6.3%
Cu has 2 percent more copper, in place of magnesium for the most part,

17



and some silicon, iron, and manganese. This suggests that the replace-
ment of these elements by copper makes the Al-6.3% Cu less supersatu-
rated and thus slightly less prone to precipitation.

The Al.-6.3% Cu in its as-received, T81 condition with a precipitate
density of about 1010 cm" 2 (Figure 5(c)) embrittles drastically. When
aged at 00C immediately after a imilar solution treatment, a lower pre-
cipitate density (- 2.0 x 107 cm- ) was observed (Figure 5(d)) and an al-
most total loss of embrittlement behavior when exposed to mercury This
indicates a strong correlation between precipitate density and susceptibility
to embrittlement by liquid metals (References 8 and 9).

2. Observations on the Alpha-Brass

Electron micrographs of the alpha-brass specimens are shown in Fig-
ures 6 and 7. Figure 6 is f. -.m a specimen wetted with mercury and
stressed to 10.3 kg/mm2 , slightly beyond its yield point (10.2 kg/mm2 ).
Figure 6(a) shows grain boundaries meeting at (A), dislocation networks
(B), and dislocation pile-ups at a grain boundary (C). A number of fea-
tures visible in Figure 6(b) are: stacking faults (A) and (B), dislocation
interactions with a stacking fault (C), some dislocation networks (D), what
appears to be a Frank-Re,-d source (E), and a dislocation node (F). Of
these, stacking faults hay oeen suggested as influencing stress corrosion
cracking in alpha-brass (Reference 10). They probably also influence the
susceptibility to embrittlement of this material by mercury. Other micro-
graphs (Figure 7) show the type of microcracks found in alpha-brass ex-
posed to mercury.

3. Microcracks in Specimens Exposed to Mercury

Electron microscopic evidence from alpha-brass (Figure 7) and the
aluminum alloy specimens (Figure 8) shows that both transcrystalline
cracking (Figures 7(b), 8(b), and 8(d)) and intercrystalline microcracks
(Figures 8(a) and 8(c)) can be observed in specimens exposed to mercury.

Transmission electron micrographs of the alpha-brass specimens (Fig-
ure 7) stressed in tension and wetted with mercury reveal heavily distorted
regions ((A) and (C) in Figure 7(a); (B) in Figure 7(b)) probably due to foil
buckling. Intercrystalline crack formation is frequently described in
terms of dislocation pile-ups at a grain boundary or some form of dis-
location coalescence (Reference 11); however, so far no evidence of this
was obtained in the electron micrographs of either the stressed, dry
specimens or the stressed, wetted specimens. Since transcrystalline
cracks such as those found in alpha-brass (Figure 7(b)) and in the alumi-
num alloys (Figures 8(b) and 8(d)) have been observed in materials ex-
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posed to mercury, the role of grain boundaries in liquid taS.........-,-,-,% mletal ernbrittle-

ment is probably secondary, although failure can also occur along such
bourndaries, if present.

D. X-RAY DIFFRACTION STUDIES

Current theories (References 12 and 13) describe the stress, af, neces-
sary to extend a crack as proportional to Vp where p is the radius of cur-
vature of the crack tip. The fracture stress could thus be reduced if the
liquid metal atoms were to "sharpen" the crack as might be conceivable
if they reduced the lattice parameter of the host metal.

To test this hypothesis, the lattice parameters of aluminum, zinc, and
alpha-brass filings made in air and in mercury were measured by x-rays.
Analysis of the resulting diffraction pattercas is shown, for aluminum, in
Figures 9(a) and 9(b) and for Cu- 30% Zn in Figures 9(c) and 9(d). The
results are also summarized in Table IV.

In Figurc 9, the lattice parameter calculated from each diffraction
peak has been plotted against the Nelson-Riley extrapolation function to
correct for absorption effects (Reference 14). This function is defined by:

1 (coscOft 2  0)
27 sin

where 0 is the Bragg angle. The corrected lattice parameter is obtained
"by extrapolation to zero for this function. In the case of zinc, two lattice
parameters, ao and co, are involved, and their calculation is less straight-
forward. A least squares analysis (Reference 15) was therefore adopte
and programmed on an IBM 7094 computer to calculate from the observed
diffraction peak positions the lattice parameters of the zinc specimens
filed in air and in mercury.

While the lattice parameters of aluminum and alpha-brass appear to
have been reduced by an amount outside the range of experimental error,
those of zinc seem to have increased. The zinc data were obtained from
a pattern that also included reflections from a hexagonal zinc-mercury
compound formed when zinc is filed in mercury. Of the total of 22 re-
flections, only seen could, with reasonable confidence, be identified as
belonging to zinc. Hence, the relatively large lattice parameter changes
calculated from the zinc data are considerably less reliable than those
obtained from the other two FCC materials, which exhibited lattice param,
eter changes in the direction postulated. However, there is a possiblity
that cannot be dismissed at present.that the observed changes may have
been caused by ýhe mercury atoms entering into solid solution with the
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zinc; this could also apply to the other two cases where a decrease in
lattice parameter was obtained. Further investigation ".;111 be nec Ssary
to verify this possibility.
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III. CONCLUSIONS

From the above results and discussion, the following preliminary con-
clusions may be drawn:

1 Propensity to embrittlement in aluminum-copper alloys exposed
to a liquid metal can be heightened by inc.'easing, through appro-
priate heat treatment and aging, the density of stress concentration
regions associated with precipitates.

2 Transcrystalline cracking in the aluminum-copper alloys exposed to
mercury suggests that grain boundaries probably play a secondary
role in liquid metal embrittlement, although failure can also occur
along such boundaries, if present.

3 Stacking faults and dislocation networks in the stressed alp.ia-brass
specimens exposed to mercury probably render the material more
susceptible to embrittlement.

4 The liquid metal atoms may affect the lattice parameters of the
embrittled host metal, but the interaction is not fully understood.
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