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Abstract

Intergranular penetration of liquid 18 K gold into a superaustenitic stainless steel, which occurs during laser welding of these two
materials, has been studied using a C-ring device which can be put under tensile stresses by a screw. It is shown that liquid gold at
1000 °C penetrates the immersed stainless steel C-ring at grain boundaries, but only when tensile stresses are applied. Based on the thick-
ness of the peritectic phase that forms all along the liquid crack and on the transverse gold diffusion profile in steel, penetration velocities

on the order of 10 um s~ ! are deduced.

© 2011 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

During laser welding of gold and stainless steel for jew-
elry applications, it has been observed that the liquid of the
molten pool, made primarily of gold, can penetrate the
solid stainless steel part [1]. This occurs at grain boundaries
juxtaposing the liquid pool, where the solid is under max-
imum tensile stresses due to thermal contraction. Typical
penetration distances are 10-100 pm. Taking into account
the interaction time with the laser beam, i.e. pulse duration,
a penetration velocity on the order of 0.01-0.1 m s~ ! can be
estimated.

Penetration of a liquid metal at grain boundaries of a
solid is found in the literature in various contexts. The ther-
modynamic driving force is the surface energy decrease
caused by the replacement of a large misorientation grain
boundary of energy 7., by two solid-liquid interfaces of
lower energy yy, i.e. when 2y <y, [2-4]. However, the
mechanisms of intergranular liquid penetration are still
not fully understood.
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Fundamental research on the underlaying mechanisms
and penetration velocity is mainly related to liquid metal
(induced) embrittlement (LME or LMIE). In this case, a
normally ductile metal such as Al or Cu looses its ductility
when it is in contact with another metal in the liquid state,
such as Ga or Bi [5,6]. The liquid metal penetrates the solid
at grain boundaries and dramatically decreases its mechan-
ical properties. Numerous studies and reviews have been
published on LME and several models have been devel-
oped. However, there is no single explanation or model
that is generally applicable, as the mechanisms appear to
vary from one system to another [7,8]. According to Glick-
man [9], propagation of the liquid crack is controlled by
atomic reaction at the tip. Above a stress intensity thresh-
old Ky, propagation occurs at a fixed rate V., these two
parameters being highly sensitive to the nature of the liquid
metal. Recently, Klinger and Rabkin [10] proposed a mech-
anism in which the concentration gradient along a wetted
grain boundary induces a grain boundary energy gradient.
This causes a net flux of atoms towards the liquid crack tip,
which accumulate and subsequently generate stresses that
are able to further propagate the liquid crack. According
to this mechanism, no external stress is required.

Another similar phenomenon observed during welding
is related to grain boundary liquation in the so-called
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heat-affected zone. Because of their higher surface energy
or the presence of low melting temperature intermetallics
caused by microsegregation in the base material, grain
boundaries can melt at temperatures below the solidus
[11,3]. In the presence of tensile stresses, the liquid films
at grain boundaries show almost no mechanical resistance
and open, thus allowing the liquid of the weld pool to pen-
etrate. This phenomenon is thus very similar to “healed”
hot tears forming during solidification, i.e. when the open-
ing of grain boundaries by tensile stresses that normally
leads to hot cracks can be fed by interdendritic or inter-
granular liquid [12,13].

One particular case of the presence of liquid metal at the
grain boundaries of steel is associated with copper. Copper
can be present in steel as impurities, especially when recy-
cling car bodies which contain copper electric wires, or
when welding is performed with copper-containing fixtures
or tools around the welds. During welding or hot rolling,
copper can penetrate along grain boundaries in some
austenitic or structural steels. This leaves an intergranular
solid copper film that dramatically decreases both the base
metal strength and ductility at high temperature. The “hot-
shortness” induced by the presence of copper at grain
boundaries is thus called copper contamination cracking
(CCC). The CCC is accelerated by external or residual
stresses [14-16], but no detailed mechanism has been given
in the literature.

Experimental characterization of these phenomena is
usually related to a specific application. In the case of
LME, the loss of mechanical properties is of major con-
cern. Therefore, tensile or compression tests at room tem-
perature are conducted after penetration [17,18], while
in situ experiments using transmission electron microscopy
or X-ray microtomography give insights into the underlay-
ing mechanisms [5,19]. Several tests are commonly used to
characterize the liquation cracking susceptibility during
welding. One of them, the nil-ductility test, focuses on
the temperature at which the ductility of a specimen falls
to zero [20].

The aim of the present study was to better understand
the origin of liquid gold penetration into stainless steel dur-
ing laser welding. In transverse cross-section of the welds,
liquid penetration appears mainly in regions at about 45°
between the weld centerline and the top surface of the steel
side. Since this location also corresponds to maximum ten-
sile stresses during welding, it was conjectured that pene-
tration of liquid gold into solid steel requires a tensile
stress state of the solid material. In order to test this
hypothesis at temperatures at which liquid gold is in con-
tact with solid steel (i.e. temperature in the range 900—
1350 °C) a new specific setup had to be developed, as stan-
dard LME tests are not applicable.

2. Experiment

With this objective in mind, a so-called “C-ring test”
was selected (Fig. 1). It is a standard stress—corrosion test

Fig. 1. Experimental C-ring setup. The inner/outer diameters of the
C-ring are 20/24 mm; its thickness is 20 mm.

in which a specimen with a “C” shape can be stressed by
a screw parallel to the opening of the “C” (see the figure).
At the symmetry plane of the C-ring, the hoop stress com-
ponent oy is tensile at the outer surface while it is compres-
sive at the inner surface [21]. Furthermore, the tensile
component varies from zero at the location of the screw
to a maximum at the symmetry plane of the C-ring, this
maximum being adjusted by the compression (or radial
stress) component at the screw location. Besides stress—cor-
rosion cracking, such a test has also been used to study the
penetration at room temperature of steel or aluminum by
mercury [22,23]; however, to the best of our knowledge,
no application has been made at elevated temperature.
One of the reasons for this is that, at high temperature,
the C-ring material (and possibly the screw itself) may
creep, thus partially releasing the imposed stress [24]. The
initial imposed stress level was found to be not so impor-
tant, as long as the screw was tightened (even by hand only)
at room temperature. During heating, some additional
stress could be induced by differential thermal expansion
of the screw and C-ring. However, the behavior of steel
at the temperature of the liquation test (1000 °C, i.e. about
2/3 of the melting point) is such that creep becomes domi-
nant. Thus, the remaining stress in the C-ring is also a func-
tion of the strain rate, which itself depends on the
penetration speed. In any case, if only partially released,
the hoop stress component remains compressive/tensile
inside/outside the C-ring and increases from the screw to
the symmetry plane. This test can provide qualitative infor-
mation on the effect of stress on liquid gold penetration.

The simple testing procedure using the C-ring was as fol-
lows: a crucible containing gold and a steel C-ring, pre-
cleaned with Ridoline, were placed in a furnace at
1000 °C, under an argon flux. After melting and homogeni-
zation of the melt, the C-ring was immersed in liquid gold
for a given time. The sample was then withdrawn and
quenched in air. The bath was a classical 18 carat yellow
gold (Au-12.5 wt.%Ag—12.5 wt.%Cu) and the C-ring was
a superaustenitic 904L stainless steel.

For metallographic observations, the samples were sec-
tioned and polished using SiC papers down to 1 um, and
were then observed by scanning electron microscopy
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