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Figure 1 A typical Interstate Highway System sign bridge. The bridge consists of a triangulated structure, or space frame, made up of welded

tubes and is hot dip galvanized for corrosion protection.

Liguid Metal Embrittlement

ou’re driving down the Interstate. The next sign should be
Y your exit. You see it ahead, but something doesn’t look

right. The sign and its frame, which spans all three freeway
lanes, is moving. In fact, it’s not just moving, it’s flopping back and
forth wildly! It’s windy today, but it’s not that windy! This scenario
was reported to the Wisconsin Department of Transportation
(DOT) recently. Our failure analysis of the sign support structure
revealed a relatively unusual and interesting phenomenon.

You may not be familiar with the term “sign bridge,” but you've
probably driven past or under more than one on your way to work
today. A sign bridge is the structure which spans the freeway and
carries informational sign boards such as upcoming exits and inter-
sections (Figure 1). This structure is typically a triangulated space
frame fabricated from four long parallel large diameter tubes, called
chords, cross braced by smaller diameter perpendicular and diagonal
tubes. After welding, the structure is hot dip galvanized. The hot dip
galvanizing process consists of submerging the structure in a bath of
molten zinc. This leaves a relatively uniform zinc coating over the
entire structure upon removal from the bath. This coating provides
corrosion protection for the underlying steel tubes and welds. Hot
dip galvanizing is an efficient, cost effective method of protecting
such structures from environmental corrosion, particularly in
northern climates where salt is widely used to melt snow in the
winter months.

Several rather excited calls from motorists and nearby business owners
reporting the “oscillating” sign bridge brought a DOT maintenance

and engineering team to the site. Their inspection revealed numerous
cracks in the welds joining the small diameter tubes to the chords.
The signs were immediately removed to reduce their “sail” affect and
the bridge was dismantled as soon as temporary closure of the free-
way could be scheduled. The cracked areas were then cut from the
structure and submitted to Metallurgical Associates for analysis.

Our examination of the sign bridge sections revealed transverse
cracks through the bottom chords at the welds joining these to the
diagonal tubes (Figures 2 and 3). Polished metallographic cross sections
were prepared from several of these cracks. Other cracks were sectioned
from the chord/diagonal welds (Figure 4) and opened for examina-
tion of the fracture surfaces by Scanning Electron Microscopy
(SEM) to identify the mode and origin of the cracking.

While these analyses were in progress, the physical properties and
chemical composition of the tubes were determined by chemical
analyses, hardness, tensile, and impact testing. These tests confirmed
that the tubing was the correct and specified material and exhibited
the required and appropriate strength. Since sign bridges fabricated
from this grade of steel had been successfully in use for many years,
these results eliminated substandard or defective material as the root
cause of the failure.

Examination of the polished metallographic cross sections (Figures 5
and 6) revealed a heavy coating on the fracture surfaces. This sample was
examined by SEM and the coating was analyzed by Energy Dispersive
Spectroscopy (EDS) to determine its composition and source (See



Intergranular and

Transgranular Fracture
V irtually all industrial metals are composed of

microscopic interconnected grains. When a

metal component breaks, fracture occurs
either through the grains (transgranular fracture) or
at the grain boundaries (intergranular). Both fracture
types are brittle fractures. Intergranular fracture
results when the grain boundaries are the weakest
area in the metals structure. This weakness can be due
to one or more factors including chemical composi-
tion variations, corrosion, and hydrogen embrittle-
ment. In transgranular fractures, the grain boundaries
are at least as strong as the grains themselves.
Transgranular fractures progress very rapidly, often
at the speed of sound, and usually produces a loud
“pop” or “bang” when they occur.

Intergranular Fracture. When examined using the
Scanning Electron Microscope, intergranular fractures
have the appearance of interconnected crystals because the
separation (fracture) occurs at the interface, or boundary,
between the crystals. SEM 500x

Transgranular Fracture. Transgranular fractures
occur through, or across, the grains. These through-grain
fractures occur on slightly different planes, resulting in
features which look similar to the veins in a leaf where the
different fracture planes meet. SEM1500x

Figure 2 Cut out section of the cracked area on the sign bridge submitted
to Metallurgical Associates for failure analysis.
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Figure 3 Cracks at the weld joining a diagonal tube to the chord. Note the
crack growth into the chord at right.

Liquid Metal Embrittlement

Continued from page 1

EDS Sidebar). The results of this analysis indicated that the coating on the
crack surface was zinc. In order to characterize the mode, or type, of fracture
by which the cracking had occurred, the coating was chemically removed
using a buffered hydrochloric acid. The actual crack surface was then exam-
ined by SEM. This examination revealed that the cracking had occurred by
intergranular fracture (See Intergranular Fracture Sidebar).

Whenever cracking is found in association with a weld, consideration must
be given to the possibility of improper welding practice. This is the most
common cause of cracking in welded structures. The opened crack fracture
surface was carefully examined to determine if any high temperature oxide
was present. The presence of such an oxide, usually indicated by a dark dis-
coloration of the fracture, is typical of weld cracks resulting from a condition
known as hot cracking. Hot cracking occurs during or immediately after the
weld is made, while the metal is at a high enough temperature to oxidize by
exposure to air. Visual and SEM examination showed no evidence of this
condition on either the opened crack (from which the zinc had been chem-
ically removed) or the metallographic cross section (zinc still in place).
These analyses eliminated hot cracking as possible causes of the failure.

Further examination of the weld microstructure, heat affected zone, and
tube base metal indicated that these were normal and typical of properly
made welds. These results indicated that other weld defects such as porosity,



lack of fusion, or hard embrittled heat affected zones were not a factor in
the cracking. Smaller cracks were, however, observed branching from the
main cracks. Like the main cracks, these small branch cracks were also
coated and filled with zinc.

It was now time to review the fabrication history, the service history, and
the analysis results and determine the cause of the sign bridge failure.

Cracking due to improper welding procedure is common, and such cracks
are often intergranular. Cracks due to improper welding would also be coated
with zinc since the hot dip galvanizing process takes place after welding.
However, cracks of this type usually grow, or propagate, once the structure
has been placed in service. This growth usually occurs by fatigue, a trans-
granular fracture mode, and progresses from the weld into the base metal,
in this case the tube. Furthermore, this crack growth would not be coated
with zinc since it occurs after galvanizing. The cracking exhibited by the sign
bridge extended through the welds and into the base metal. Cracking in both
locations was intergranular. Significantly, the intergranular crack through
both the weld and the base metal was coated with zinc. The location, extent,
and type of fracture, along with the fabrication and service history all
pointed to the root cause of the failure-Liquid Metal Embrittlement.

Liquid Metal Embrittlement, or LME, is caused by a combination of two
factors. These are 1.) The presence of a specific liquid (molten) metal in
contact with the affected component or structure, and 2.) An applied or
residual tensile stress acting on the affected component or structure while
in contact with the liquid metal. When these two conditions occur, the liquid
metal is absorbed in the components’ grain boundaries in a manner similar
to the capillary action of a paper towel absorbing water. A liquid-metal filled
crack is produced as the boundary between grains absorbs the molten
metal and breaks the bond between adjacent grains. The liquid metal cools
and solidifies leaving, in the case of our sign bridge, cracks in a steel
component filled with much weaker zinc. The absorption of the liquid
metal occurs at an extremely rapid rate. LME crack rate velocities of 4.0
inches in one hundredth of a second have been recorded.

The source of liquid metal, the molten zinc used in the galvanizing bath,
was obvious. But as described above, LME also requires that the affected
component is subjected to a tensile stress when in contact with the liquid
metal. Was the sign bridge? And if so, what was the source of this tensile
stress? Careful measurements of the diagonal tubes in the structure
revealed that a number of these were slightly longer than the design speci-

Continued on back page

Figure 4 Crack through the chord and diagonal weld was sectioned from the
structure and opened for examination of the fracture surface.

Happy 10th Anmversary'

providing metallurgical
testing and engineering
services here at Metallurgical
Associates. It’s been a remarkable decade. We’ve all
seen tremendous changes in our individual indus-
tries, the economy in general, and the world at
large. Adapting to these changes has been challenging
for all of us. Our thanks go out to all the many clients
who have placed their confidence in us. We thank
you for the opportunity to learn about, and provide
for your materials testing and engineering needs.
Without you, there is no MAIL Thanks also to the
employees of MAI, who have built this company
with countless acts of 150% commitment. The
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future is truly bright with colleagues like these.
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EDS analysis spectrum indicating the presence of silicon,
phosphorus, calcium, iron, copper, and zinc along with trace
amounts of magnesium, aluminum, sulfur, and chlorine.
This analysis was taken from hydraulic valve debris.

EDS Analysis

Energy Dispersive Spectroscopy, or EDS, is a
chemical analysis technique which uses energy
generated by an electron beam to determine the
composition of a sample. The source of the electron
beam is typically a Scanning Electron Microscope
(SEM). As a result, anything imaged on the SEM
emits energy which can then be used to perform
EDS. Since SEM is capable of very high magnifica-
tion, EDS can be used to analyze very small particles
or areas on a sample. EDS can also be configured
to map out the location of elements in a field
viewed by SEM, as in Figures 5 and 6. A full
description of EDS and how it functions is available
in MAI Newsletter Vol.4, No.1. Reprint available
upon request.



Liquid Metal Embrittlement
Continued from page 3

fication. In order to fit these diagonals into the structure without
additional cutting, the sign bridge was distorted, perhaps using a
fork-lift or some similar means of leverage. This allowed the oversized
diagonals to be fit and welded into place. However, this variation in
size produced a tensile stress on diagonals of the correct length which
had already been welded. Exposure of these stressed welds to the molten

zinc galvanizing bath resulted in almost instantaneous cracking.

By the time the sign bridge was removed from the galvanizing bath
it was not only cracked, but as the zinc solidified, the cracks were
undetectable to visual inspection. Many of the welds were held
together by virtually nothing more than a thin film of zinc. The sign
bridge was erected in late August. In early November, the reports
described at the beginning of this article were received by Wisconsin
DOT. The structure had failed in less than three months.

Figure 5 SEM image of the polished cross section of the opened weld
crack shown in Figure 3. The crack is at Location 1. The coating on the
crack is at Location 2. The galvanized coating on the outer tube is

shown at Location 3.
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Figure 6 EDS analysis of the coating in the crack indicated that it is
zinc. This EDS generated map shows where zinc is present in the field
shown in Figure 5.
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