Liquid Metal Embrittlement of
Austenitic Stainless Steel When
Welded to Galvanized Steel
To preclude liquid metal embrittlement cracking of austenitic
stainless steel welded to galvanized steel, the zinc coating must
be scrupulously removed from the joint area prior to welding

BY R. M . BRUSCATO

ABSTRACT. Liquid metal embrittlement
(LME) cracking can be readily induced
in austenitic stainless steels by molten
zinc when that steel is welded to galvanized carbon steel. Evidence is presented which shows that zinc-induced
LME cracks up to about % in. (6.35 mm)
deep in the base metal have been produced during the welding of stainless to
zinc-coated steel, and it is estimated that
under conditions of minimal preweld
cleaning, cracks up to % in. (9.5 mm)
may be produced. Consequently, to preclude cracking of the stainless steel, either the zinc must be scrupulously removed from the joint area prior to welding or a mechanical joint must be utilized when stainless steel is joined to
galvanized steel.
Introduction
Because of its excellent corrosion resistance, austenitic stainless steel has
found widespread use in the paper industry. Stainless steel paper-making
equipment includes pressure vessels,
storage tanks, piping, hoppers, bins,
chutes and structural components. For
virtually all of these applications, attachments are welded to the outside surfaces
of the equipment. Attachments can include access platforms, catwalks, stiffeners, column supports, stairways and
pipe hangers. Galvanized carbon steel
is often specified for these attachments.
The reasons for utilizing galvanized
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carbon steel are many and varied. This
material has good corrosion resistance
in the paper mill environment. It is, essentially, a maintenance-free material
providing a good color match when attached to stainless steel, and is readily
available in many configurations, sizes
and shapes. Finally, there have been instances where an erector has substituted
galvanized carbon steel attachments as
a "premium material" to upgrade his
work for a valued customer.
Other materials utilized for attachments to stainless steel are perceived as
having drawbacks. Plain carbon steel
rusts and is particularly unsightly in contact with stainless steel. Painted carbon
steel tends to become an ongoing maintenance problem. Stainless steel is appreciably more expensive.
Recently, a problem was encountered where 27 zinc-plated washers
were welded to a 304L stainless steel
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pressure vessel. Using very small welds,
an insulation contractor had welded the
2-in. (51-mm) washers to the surface of
the vessel. The washers were attachment
devices to mount and hold insulation in
place against the vessel wall. Penetrant
inspection of the welds revealed cracking. After removal of the washers and
w e l d , the cracking was found to run 'A
to 3/H, in. (3 to 5 mm) deep into the stainless steel plate material at every weld location. Considering that the welding of
galvanized steel to stainless steel is a
common practice, the depth and
widespread nature of this cracking was
surprising. Consequently, an investigation was undertaken to better define and
understand the ramifications of welding
galvanized steel to stainless steel.
Liquid M e t a l Embrittlement
Cracking of Austenitic
Stainless Steel by Zinc
Two types of interactions between
molten zinc and austenitic stainless steel
have been reported (Ref. 1). Molten zinc
slowly erodes unstressed 300 series
stainless steel at 785° to 1 058°F (41 9°
to 570°C) penetrating (diffusing) primarily along the grain boundaries in a relatively slow manner. This phenomenon
has been designated Type I embrittlement.
Type II embrittlement occurs in stainless steel above 1380°F (750°C) when it
is stressed and exposed to molten zinc.
It is characterized by extremely rapid
crack propagation perpendicular to the
applied stress. This phenomenon is de-
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Fig. 2 — Weld test configuration 2.

F/g. 7 — We/d test configuration 1.

scribed as classic liquid metal embrittlement (LME).
LME has been extensively discussed
in the literature (Refs. 2-4) and the basic
characteristics are as follows (Ref. 4):
1) LME has been found to occur in a
very w i d e range of material combinations, yet it remains an unfamiliar embrittling mechanism.
2) LME failure is the very rapid, catastrophic brittle fracture cracking of a normally ductile material when coated with
a film of liquid metal and stressed in tension. Crack growth w i l l stop if the supply of liquid is exhausted except in the
case where the critical flaw size is exceeded by the LME-induced crack.
3) The failure process does not i n volve bulk chemical or structural modifications of the solid.
4) The minimum temperature for the
onset of embrittlement is usually the
melting point of the embrittler.
5) The LME cracking usually propagates in an intergranular manner.
These serious industrial incidents of
zinc-induced LME cracking in austenitic
stainless steel have been reported. In
1975, in Flixborough, England, 28 people were killed by an explosion during
a refinery fire when molten drops of zinc
from galvanized steel splashed onto the
hot surface of a 316L stainless steel pipe.

The resulting LME-induced cracking in
the pipe material caused a large hydrocarbon leak which ignited to cause the
explosion (Ref. 5). In the second i n stance, extensive cracking of Type 300
series (304, 316L) stainless steel occurred during the welding of pipe where
the surface had been contaminated with
zinc-rich paint and zinc sulfide ore dust
(Refs. 6, 7). The cracking was found in
both the weld metal and the pipe base
metal adjacent to the w e l d . Finally, it
has been reported that where galvanized
steel access ladders were welded d i rectly to stainless steel tanks, leakage
occurred at nearlty every weld during
hydrostatic test (Ref. 8).

Test specimens consisted of welding
6-in. (152-mm) long ASTM A36, 2 in.
(51 mm) by 2 in. (50 mm) by 'A in. (6.25
mm) hot dip galvanized carbon steel angles to % o r ' / in. (1 2.5 mm) ASTM A240
Type 304L stainless steel plate. A threepass SMA welding procedure with % in.
(3.2-mm) E309L electrodes was utilized.
When welding uncleaned (as received)
galvanized steel, 110 A were necessary
to melt through the zinc coating. Where
the galvanized coating was wire brushed
or ground in an attempt to remove it
prior to welding, 85 A were used to deposit the weld.

The evidence presented in the literature and our experience with the welding of zinc-coated washers to stainless
steel indicate a distinct possibility that
zinc-induced liquid metal embrittlement
cracking can be generated in austenitic
stainless steel when that steel is welded
to galvanized steel. Molten zinc can be
produced during welding and tensile
stresses can be generated by the weight
of the components and/or from the heating and cooling cycles during welding.
Thus, to explore the potential for LME
cracking when welding galvanized steel
to stainless steel, an experimental program was undertaken.

Several angle/plate configurations
with different levels of cleaning were
welded, sectioned and examined. The
results were essentially similar to the two
configurations reported herein. Both
weld configurations duplicate typical
weld details used to join galvanized carbon steel attachments to stainless steel
equipment.
The first weld configuration is shown
in Fig. 1. The leg of the angle was laid
flat onto the surface of the % in. plate,
and both the leg end and the toe end
were fillet welded to the surface of the
stainless steel plate. For the galvanized
material, three conditions of cleaning

Fig. 3 — 2% nital etch of weld at the toe. As-received (no cleaning)
condition. E309L weld metal cracked. (10X).
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Experimental Procedure

Fig. 4 — 2% nital etch of weld at the leg. As-received (no cleaning)
condition. Cracking and porosity in weld metal. Slight cracking evident at fusion line between weld metal and carbon steel angle (arrow).
(WX).

Fig. 5 — Weld at the toe end. Power wire brush cleaning. Cracking
in weld metal. 2% nital etch, 10X.

prior to welding were investigated: No
cleaning (as received), power wire
brushing, and grinding.
The second w e l d configuration is
shown in Fig. 2. It consisted of a T-joint
where the leg of the galvanized angle
was perpendicular to the surface of the
Vi-in. plate. The angle leg was welded
from both sides. Two conditions of
preweld cleaning were investigated: no
cleaning, and grinding. During this
cleaning operation, precautions were
taken to thoroughly grind all the galvanized surfaces in an attempt to c o m pletely remove the zinc coating from the
weld area.
Two cross-sections were taken from
each weld at least an in. away from the
ends of the w e l d . These sections were
ground, polished, lightly etched and microscopically examined. In most of the
samples, etching was done with 2 % nital
to reveal the microstructure of the carbon steel. This left the stainless steel in
the unetched condition. Where it was
necessary to reveal the stainless steel microstructure, either Vi lel la's etch or a
mixed acid etch was used. This severely
overetched the carbon steel.

Fig. 6 — Weld at the leg end. Power wire brush cleaning. Cracking
and porosity in weld metal. Cracking evident at fusion line between
weld metal and carbon steel angle. 2% nital etch, 10X.

Results
First Weld Configuration.
In this series of tests, the leg of the
galvanized angle was welded flat against
the stainless steel plate.
No Cleaning, As-Received Angle —
The toe and leg ends of the welds are
shown in Figs. 3 and 4. Gross cracking
is evident in both fillet welds, and porosity, produced by zinc vapors generated
from the heat of w e l d i n g , is visible in
the weld on the leg. Minor cracking is
evident at the fusion line where the stainless steel w e l d metal joins the carbon
steel — Fig. 4.
Power Wire Brush Cleaning Prior to
Welding— The toe and leg ends of the
welds are shown in Figs. 5 and 6. Weld
metal cracking and porosity observed in
these fillet welds is similar to that found
in the welds with no cleaning prior to
welding — Figs. 3 and 4. Somewhat
more severe fusion line cracking was
also evident in one of these tests — Fig.
6. It is obvious that power wire brushing was not effective in removing the
zinc coating prior to welding.

Fig. 7 — Weld at the leg end. Grinding to remove zinc coating. No
cracking or porosity present. 2% nital etch.

Cleaning by Grinding Prior to Welding— Grinding to remove the zinc coating prior to welding was effective in
three of the four cross-sections examined — Fig. 7. However, as seen in Fig.
8, the weld metal exhibited gross porosity and cracking in one of the cross-sections. Apparently, removal of the zinc
coating was not fully effective and remnants of zinc remained in the joint prior
to welding.
Second Weld Configuration — T-Joint
No Cleaning, As-Received Angle —
A low-magnification cross-section of the
T-joint weld is shown in Fig. 9. Serious
cracking in the weld metal is present. In
addition, classical LME cracking of the
stainless steel base plate is also evident.
This cracking is 0.065 in. (1.65 mm)
deep into the plate. Figure 10 illustrates
the LME cracking in another cross-section. The cracking in the plate is 0.076
in. (1.93 mm) deep.
Solidified zinc is visible on the crack
surface in the stainless steel plate (Fig.
11), and crack propagation path in the
stainless steel plate was found to be in-

Fig. 8 — Weld at the toe end. Grinding to remove zinc coating. Gross
porosity and cracking evident in weld metal and at fusion line. At
this location in test specimen, zinc was not completely removed by
grinding. 2% nital etch.
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Fig. 9 — Weld in T-joint. No cleaning. Cracking and porosity evident
in stainless steel weld metal. Liquid metal embrittlement cracking is
evident in stainless steel plate. Deepest crack is 0.065 in. (1.65 mm)
deep. 2% nital etch, 8X.

tergranular — Fig. 12.
Cleaning by Grinding Prior to Welding— When grinding was thorough and
all of the zinc coating was removed prior
to welding, cracking was prevented —
Fig. 13.
Ferrite Measurements
To provide crack resistance, stainless
steel welding electrodes are designed to

Fig. 10 — Weld in T-joint. No cleaning. Liquid metal
embrittlement
cracking is evident in stainless steel plate. Deepest crack is 0.076 in.
(1.93 mm) deep. 2% nital etch, 10X.

maintain small amounts of ferrite in the
completed weld. Because of the cracking produced in welding stainless to galvanized steel, ferrite measurements were
undertaken on different stainless/galvanized steel welds. These measurements
were made using a magnetic induction
instrument specifically designed to test
stainless steel weld metals. The ferrite
content (average of three readings) measured on an uncracked (adequately

cleaned) weld was 1 3.6%, while for a
cracked (uncleaned) w e l d , the ferrite
content was 12.8%. These are well
within the expected range for a carbon
to stainless steel weld made with E309L
electrodes.
Discussion
The results of this investigation indicate that molten zinc produced by the

Fig. 12 —Weld in T-joint. No cleaning. Liquid metal crack propagation path is intergranular. Note that LME cracking has occurred in
stainless steel plate away from the toe of the weld (arrow). HN03 +
HCI + acetic acid + glycerine, 100X.

Fig. 11 — Weld in T-joint. No cleaning. Solidified zinc (arrows) visible on crack surfaces in stainless steel plate. Vilellas etch, 200X.
Fig. 13 — Weld in T-joint. Thorough removal of zinc coating
grinding. No cracking or porosity present. 2% nital etch, 8X.
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heat of welding can readily induce liquid metal embrittlement cracking in 300
series stainless steel when it is welded
to galvanized carbon steel. The potential for cracking during field welding is
almost certainly greater than the cracking potential in our test specimens. Field
welding is done on large and heavy
components where tensile stresses will
be appreciably higher. These higher
stresses are likely to provide a higher
propensity for LME crack growth.
It is possible to speculate on the maximum depth of the LME crack that might
be produced in base metal when galvanized steel is welded to stainless steel.
Information in the literature (Ref. 5) indicates that crack lengths typically exceed 20 times the diameter of the molten
zinc droplet that nucleated them. For a
3'/2-in. (89-mm) diameter, Schedule 40,
316L stainless steel pipe where the surface was contaminated by zinc paint,
through wall (0.226 in., 5.75 mm) cracking was generated in the base metal adjacent to a circumferential weld (Ref. 6).
Our experience with zinc-plated washers welded to a large stainless steel pressure vessel indicates that LME cracks up
to !/K, in. (4.75 mm) deep in the base
metal can be generated by small welds.
In our very small test specimens, LME
crack depths of 0.076 in. (1.93 mm) in
the base plate were produced. Thus, for
a severe set of circumstances — heavy
stainless steel equipment, large attachments requiring substantial welding, a
weld that permits the maximum ingestion of zinc into the weld (e.g., a T-joint),
and hot-dipped galvanized steel material where removal of the zinc in the
weld area is minimal — a LME crack
depth of up to % in. (9.5 mm) in the base
metal seems possible.
It is readily understood that welding
specifications, welding procedures, as
well as good welding practices require
that the hot-dipped zinc coating (or any
other coating) be removed prior to welding. But, our tests indicate that power
wire brushing is ineffective in removing
the zinc. Grinding to remove the zinc
coating was not completely successful
even in our small test specimens under
laboratory-type conditions.
Thus, it must be expected that under
the typical cleaning/welding practices
that occur in the field, the removal of a
galvanized zinc coating prior to w e l d ing w i l l not always be effective. There
are several reasons for this. The average
welder believes that most, if not all, of
the coating is melted off by the heat of

welding, and he just doesn't understand
the serious cracking problems that can
result if small amounts of zinc are melted
into the weld area. If he utilizes the usual
cleaning methods available to him, wire
brushing is not an effective removal
method, w h i l e for grinding, zinc is
smeared into the surface of the metal,
and it is difficult to discern when the
zinc has been completely removed.
Chemical tests are available for determining that the zinc has been removed (Ref. 7). But this w o u l d involve
testing of the cleaned galvanized steel
over all of the joint area and, probably,
repeated grinding and retesting of suspect areas — an unpalatable procedure
when there is a large amount of w e l d ing to be done.
The use of a gas torch as a cleaning
method to melt off the zinc was not investigated. This is a noxious technique
due to the zinc fumes and residues left
behind. In addition, it is difficult to control the areas of zinc removed by the
torch. Finally, some sort of chemical test
would be necessary to verify that all of
the zinc had been removed in the weld
area.
Of course, the zinc coating can be
removed by acid pickling of the galvanized steel in the weld joint area. But
then, the safety aspects of handling acid
must be addressed. A second drawback
to this method of cleaning is that the
shape of many attachment components
do not lend themselves to acid pickling
of just the weld joint area.
Conclusions
1) Liquid metal embrittlement cracking in stainless steel base metal can be
readily produced by molten zinc when
galvanized carbon steel attachments are
welded to austenitic (300) series stainless steel equipment and components.
LME cracks with depths up to 'A in. (6.35
mm) have been reported (Ref. 6). For a
worst-case condition of minimal zinc removal and a heavy weld, it is estimated
that LME cracks up to %-in. (9.5-mm)
deep could be produced in the base
metal.
2) In making attachments to 300 series stainless steel equipment, the
choices seem to be clear:
If galvanized steel is utilized, to preclude cracking of the stainless steel by
molten zinc, either the zinc coating must
be scrupulously removed from the joint
area prior to welding or a mechanical
(e.g., bolted) joint should be provided

to join the two materials.
Stainless steel material or painted carbon steel material can be used for
welded attachments to stainless steel
equipment. Because LME cracking during welding has been attributed to contamination from zinc-rich paints (Ref.
6), it would seem prudent that paint containing zinc be prohibited unless it is applied after welding.
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American Welding Society Conference Planner
February 3-5, 1993 - San Francisco, CA
Golden Gate Materials Technology Conference
Topics will include advanced welding methods and equipment, structural welding high-strength
and conventional steels, advancements in metals and composites, modern approaches to
corrosion prevention, improvements in nondestructive inspection technologies and strategies,
new approaches to materials characterization and process modeling, and improvements in
productivity, reliability and profitability. An exhibition will be featured.

March 8-9, 1993 - Orlando, FL
Welding Technology for Improved Manufacturing Productivity
Topics will include developments in robotic welding and welding cells; recent work on pulsed
arc applications and power sources for low fume and spatter; lasers for processing sheet metal
and other applications; and arc monitoring techniques for process control.

June 15-16, 1993 - Chicago, IL
Safety and Health Conference
Designing the Welding Workplace
Topics will include Environmental Issues: fumes & gases; ventilation; noise reduction;
Workplace Design: benefits derived from workplace improvement; quality approach to
utilization of welders; regulation update for OSHA, EPA, others; Ergonomic Aspects: Carpal
Tunnel Syndrome; physiological stress; and cumulative trauma.

October 11-12, 1993 - Columbus, OH
9th Annual North American Welding Research Conference: The Environment in the
Joining Industry-Product Manufacture, Maintenance and Disposal
Preliminary session topics include: trends in regulations and legislation; industry perspectives;
fume; recycling; design for disassembly; storage/handling/disposal; and alternative
materials/systems.

December 6-8, 1993 - Orlando, FL
International Conference on Modeling and
Control of Joining Processes
Contributed and invited papers will focus on the following topics: arc/metal interactions, heat
and fluid flow in weld pool, weld solidification, microstructural development, phase
transformation, thermal and residual stresses, properties of weldments, experimental
measurements/validation, sending and control, and neural networks. See the call for papers
inserted in this issue on heavier stock.

For further information, call or write: AWS Conferences, 550 N.W. LeJeune Road, Miami, Florida
33126, 800-443-9353, Ext. 278, or 305-443-9353, Ext. 278, Fax: 305-443-7559.
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