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Investigation on Solidification Process by Fracture Surface Observation
of Aluminum Alloy Welds Specimen Broken by High Speed Breaking

Test*
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Abstract

Behavior of TIG arc spot welds of an Al alloy A5083 thin plate during cooling and solidification process

was investigated by the following methods.
process by using very slemnder thermocouples.

Temperature of welds was measured durving heating and cooling
Weld specimen was broken any time during cooling and
solidification process by using a high speed breaking apparvatus.
structures of fracture surface were observved using the electron microscope.

Afterwards, morphological macro-and wmicro-
The results obtained ave as follows:

1) There developed a liquefied grain boundary, which is called a brittle zone, and a partial liquefied grain
boundary, which is called a low ductility zone, in HAZ when some time elapsed after arc stop.

2) Solidification end was determind by confirming disappeavance of liquid phase on fracture surface.

As a

vesult, it was found that the temperature of solidification end weld metal was considerabl lower (440~425 °C)

than solidus temperature (579 °C) of base metal.

3) CCSP diagram was obtained from fractography analysis by determining solidification end, which was difficult
to determine from analysis of cooling and solidification curve.
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1. Introduction

Hot cracking is one of the most serious defects
which occur in the weld joints of aluminum alloys and
many researches have been focussed on this
subjectV2®. Few researches appear, however, to be
based on a full understanding of the cooling and solidi-
fication process of the welded joint. Thus we are
working for the purpose of fully clarifying such proc-
ess and thereby the origination and development of hot
cracks in a welded joint, and, based on that, evaluation
of the sensibility to hot cracking of the material.

Our first step was analysis by temperature measure-
ment of the solidification behavior of both aluminum
metal and alloy after arc welding, quantitatively and
over time, and as a result, we could determine by now
the temperature distribution in molten pools, cooling
rates of the weld metal, solidification rates (that is
progress of solidification front), solid fraction increase
relative to liquid within the coexisting zone, etc. We
could also get a general idea of the whole cooling and
solidification process by means of the CCSP (Continu-
ous Cooling and Solidification Process) diagrams
which indicated those process parameters as functions
of time or position?9-29,

It became also apparent that we cannot tell exactly
when the solidification has completed simply by analy-
sis of solidification curves based upon temperature
measurements, because the curves generally show a

monotonous descent without any characteristic discon-
tinuity for the later stage when the latent heat emission
gradually decreases. However, understanding the
later stage, where liquid film may still remain along
grain boundaries, and detecting, rather than the initi-
ation, the completion of the solidification process,
where the film has wholly disappeared, are more
important for the purpose of understanding the origina-
tion and development of hot cracking and thus evaluat-
ing the sensibility to hot cracking.

Therefore, we tore rapidly weld specimens and
examined the fracture structure under electron micro-
scope at several points of time during the solidification
process, while measuring the temperature of the speci-
mens. We could thereby observe the variation with
time and, especially, the complete disappearance of the
remaining volume of liquid film in the grain boundaries
(that is completion of the solidification), and relate it to
the temperature measured. The results are also re-
presented in an CCSP diagram as in our previous
work?®,

2. Sample Material and Experimental Method

The sample material we used was a 1 mm thick (JIS)
A5083 A¢ -Mg alloy sheet, as in the previous work?®,
The chemical composition is shown in Table 1. It was
cut into 140 by 80 mm rectangular specimens, with the
length set in the direction of rolling. They were spot
welded in the center with a TIG arc (DCEP) at welding
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current of 40 A, arc voltage of 20 V, and arc duration
of 10 s. The temperature of the welds was measured
as described in our earlier works?#-2%,

In order to rapidly tear specimens we devised a
horizontal stretching machine, which used a
pneumatically actuated hydraulic system. Pressure
was produced by compressed air, boosted and convert-
ed to a hydraulic pressure, which was transmitted to
the cylinder, via a magnet valve and a flow control
valve, and drove the piston to stretch the specimen
until the latter was torn down. This machine was
capable of stretching the specimen at an average rate
of 400 to 650 mm/s with the maximum stroke of 20
mm, at any point of time with precision to 1/100 s
during the solidification process. Samples were taken
and broken at an interval of 1/10 s from the time the
arc was turned off, and the fractures were examined
under electron microscope to observe the variation of
the remaining liquid in the grain boundaries during the
cooling solidification process. We paid special atten-
tion to complete disappearance of the liquid film from
the fracture surface at the last stage of solidification,
for which we used as an indication -the general dim-
pling of the broken surface.

Laser displacement
instrumentation unit

Tig torch
Fixed platen

imen 1
\\ pecim \H ag[;

1ir Compressor

Limit swich
Moving platen Timer
1 1 1 cylinder
Sooster Flow control valve
Shut off valve Timer
Fig. 1 Appearance and operating principle of a high speed

breakihg machine.

Table 1 Chemical compositions of a material used.

Chemical compositions (wtX)

Al-alloy
(t=1mm) Cu Si Fe Mg ¥n Cr Ir Ti in

A5083 0.02 | 0.14 | 0.24 | 4.59 | 0.62 | 0.11 0.01 0.01 -

(141)

3. Results and Discussions

3.1 Preparation of CCSP diagram

Fig. 2 (a) shows some thermal cycle curves for the
cooling half obtained by temperature measurement in
this work, and (b) shows the specimen geometry with
the placement of the thermocouples. The curves were
analyzed as in earlier works?¥-2® and represented in an
CCSP diagram to show the positions of the weld rela-
tive to the fusion boundary (F.B.) as a function of the
time counting after the arc extinguishment, along with
the temperature and any phase change (Fig. 3). In this
diagram, the curves — (O — trace the varying position
of equilibrium solidification (635 °C) and —@—, that of
the solidification front (S.F.). The curve — A — repre-
sents grain boundaries on the weld metal side, which
progressed in the solidifi-cation process, and —%—,
the dendritic region boundaries over which a character-
istic change was observed in transition from un-
solidified to solidified phase. The —A— and —¥r—
curves refer to the corresponding boundaries on the
heat affected zone (HAZ) side. Those curves, which
will be explained in particular in the following para-
graphs, and others divide the diagram of Fig. 3 into the
regions from (I) to (VII), which may be briefly summar-
ized as: (I) completely liquid, (II) and (III) solid-liquid
coexisting, where both the grain and dendritic region
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Fig. 2 Shape and dimensions of a test specimen and an exam-

ple of cooling curve obtained by temperature measure-
ment.
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Fig. 3 Continuous Cooling Solidiffication Process (CCSP) diagram for Al alloy A5083 TIG arc spot weld.
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Fig. 4 Electron micrograph (SEM) of fracture surface of HAZ
broken just after arc stop.

boundaries are covered with liquid totally (II); or partly
to appear local solid-solid contacts or junctions; this
increased with time relative to the liquid film area
which decreased accordingly (III); (IV) designates the
region where the solidification has completed, leaving
no liquid film in either boundaries. On the HAZ side,
the grain boundaries were (V) totally covered, (VI)
partly liquefied, or totally solidified (VII).

3.2 Fracture structures after avc extinguishment

Fig. 4 shows the scanning electron micrographic
(SEM) image at a low magnification (X50) of a speci-
men broken at t=0.0 s (that is immediately after the
arc had been turned off), to which the time counting
was related. Fig. 6 relates on an CCSP diagram the
weld positions @-@ which correspond to the structure

(142)
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High magnification micrographs (SEM) at positions @
~@ in Fig. 4.

Fig. 6

types @-@ of the SEM image in Fig. 4, to the time
points when the samples were taken. Solid phase had
not formed in the molten pool at the stage of Fig. 4, and
the fractured structure was observed only in the HAZ
side. A fractured sturucture was observed only in the
HAZ side. The divisions (a) and (b) were places where
little compression formed on the specimen when
stretch-broken, with the grain boundaries totallyli-
quefied (so-called brittleness region). They extended
over the F.B. to a distance of about 1.25 mm, and
corresponded to the region (V) in Fig. 3. The division
(a) is the HAZ portion which could not be observed
because liquid flowed in and covered the surface when
the specimen was broken. The division (c), corre-
sponding to (VI), is a transitional area between (b) and
(d) where grain boundaries were partly liquefied and
the ductility decreased. Those are the three division-
sto make up macroscopically the fracture surface HAZ
portion. The temperature measurements at division
interfaces were done as shown in Fig. 3: 560 °C for (b)/
(c), or (V)/(VI), and 490 °C for (c)/(d) or (VD)/(VID),
approximately. The length of the portion where the
grain boundaries were either totally or partly liquefied,
was about 3.3 mm as taken between the F.B. and the
490 °C point. Figs. 6 @ to @ show again the SEM
images of Fig. 4 but with a higher magnification (X
1000). As the images show, the fracture surface was
totally covered by liquid film at @), and its thickness
apparently decreased gradually toward @. At @ an
early stage of dimpling was observed along with
boundaries covered partly with liquid. At @ the frac-
ture showed a general dimpling. Thus it is concluded
that the presence of liquid film along the grain bound-
aries may cause the brittleness of the zones (a) and (b)
in Fig. 4, which shows a brittleness fracture with little
compression.

The temperature at which the liquid film has
disappeared is about 490 °C at the (c)/(d) interface, as
shown above in Fig. 4. This is significantly lower
than the solidus point for A5083, which is nominally
579 °C?*"”. This may be probably due to these two
effects combined: first, the lowering of the equilibrium
solidus point itself which is caused by enrichment of
the solute in grain boundaries, and, second, the super-

(143)

(229)

cooling which may occur at such high cooling rates in
the weld — far higher than in more common foundry —
and which may lead to lower equilibrium solidification
and eutectic points, as often well seen at such cooling
rates?®-3D,

3.3 Fracture structuves duving the solidification proc-

(AN

3.3.1 Earlier stage of solidification
Fig. 7 shows the SEM image at a lower magnifica-
tion of the fractured face of the specimen broken at t=
0.6 s, as well as an oblique view showing the top face
(see also Fig. 5). By this time, much solid has formed
in the molten pool with the solidification front (S.F.)
arriving at about 60 9§ of the pool radius. Thus in this
case the positions were closer to the F.B. than in the
case shown in Fig. 4 where the compression on the
HAZ side originated or reached the maximum. In the
weld metal, the macroscopic fracture images show
solidified structures which gradually change from
mostly columnar to equiaxial grains, when taken from
F.B. to molten pool center, via a transitional zone with

their coexistence between them.
The structures at @ to @ in this figure are also
shown in Fig. 8 at a higher magnification (X 1000) (see
(505°C) (530°C)

(620¢c)
L iquid
+
S.F.

Solid + Liquid

WM. : Weld metal

1
Columnar dendrite Equiaxed dendrite

s - Solidification  front - S.F.

Fracture surface and its bird’s-eye view (SEM) of a
specimen broken at 0. 6 s after arc stop.

13rn
High magnification micrographs (SEM) at positions @
~@® in Fig. 6.
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Bird’s-eye view and a partially magnified micrograph
(SEM) of fracture surface broken at 1. 2 s after arc
stop.

Fig. 9

L

Fig. 10 High magnification micrograph (SEM) at positions @
~@® in Fig. 8.

also Fig. 5). Although they may give different impres-
sions due to the different solidified structures, it is
apparent that each surface is covered totally by liquid
film. The liquid still appears to flow to some extent
along the grain boundaries. It may thus be considered
that no portion of the weld metal did have any effec-
tive resistance to fracture at this stage of solidifica-
tion.
3.3.2 Later stage of solidification

Fig. 9 shows an oblique panoramic view of the whole
fracture (a), as well as details of a part of the specimen
fractured at t=1.2 s (b) and (c) (see also Fig. 5). In this
case the surface exhibits a plastic flow in the HAZ
very close to the F.B. and a compressed fracture face,
so it is evident that the base metal has recovered
ductility outside the F.B.. SEM images taken at @ to
@ in Fig. 9 at a higher magnification will be seen in
Fig. 10 (see also Fig. 5). The zone @, close to the
center of the weld metal, shows much liquid film, but
there are also parts with a noticeable dimple formation
at an early stage with weak bonding. Such parts
increase the fracture and form a clearer dimple in a
zone as pey approach to the F.B,, clearer in 3 than in
@; and around @), the fracture is almost full of dimples.
Thus it may be considered that 1.2 s after the arc
extinguishment, the liquid film has almost disappeared

Transactions of the J.W.S.
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HAZ ———-I-—— Weld metal —+— HAZ

F.B. F.B.

_F ractured surface

Fig. 11 Plastic flow observed on weld surface of the specimen
broken at 2. 0 s after arc stop.

around the F.B. and also in the HAZ, at the last stage
of the solidification process.

3.4  Fracture structures after complete solidification

The structure shows a general dimpling when
fractured after the solidification has completed and the
liquid film has totally disappeared. Our experiment
results showed that it completed in about 1.7 s after the
arc was turned off. Fig. 11 shows as an example the
macroscopic image of a specimen broken at 2.0 s after
the arc extinguishment, where the solidification has
completed (see also Fig. 5). It is apparent that the
ductility has reached its maximum with a macros-
copically noticeable plastic flow in the surface layer
close to the fractured surface, although a slight recess
is observed in the center.

In the development illustrated above of fracture
structure with time following the arc extinguishment
(t=0.0 s) at different positions in the specimens on both
the weld and HAZ sides, the curve CD (— A —) in CCSP
diagram of Fig. 3, traces the positions which indicate
the earliest sign of dimpling and which correspond to
the temperature range between about 490° around the
F.B. and about 575 °C at the center of the molten pool.
The curve EF (—%—) traces the limits where the
liquid film has completely disappeared from the grain
boundaries in the solid-liquid coexistence, and where a
general dimpling occurs, with the temperature range
from 440 °C around the F.B. to 425 °C, approx. at the
center of the molten pool. This is the curve which
represents the complete solidification and the maxi-
mum ductility. The temperatures that all those
curves point at the end do not depend on the direction
of rolling of the base metal.

The temperatures we obtained for the complete
solidification of the weld metal were even lower than
the equilibrium eutectic point of 450 °C in our sample
material which was basically an A5083 A¢ -Mg binary
alloy. The weld metal cooled at high rates and thus
underwent a non-equilibrium solidification, so it was
possible that the diffusion of solute is significantly
limited during the solidification and eventually its
concentration in the liquid may rise considerably in
grain boundaries. If the concentration reaches the
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Table 2 Explanation of classified area on CCSP diagram.

Position Mark Aé:f"s: ndiagram Phase Fractured Surface
3 rZ .
V] L+S Liquid Fitm
weld Metat 2
(WM.)
y 27274 Liguid Fitm
w L+S +
t c / Dimple
v
w 2 Solid All Dimpte
E:
SFWN Liquid Film
v g L+s on Grain Boundary
2 Liquid Fitm
HAZ v ¥ L+S +
Dimple
o
vi iW/ Solid AU Dimple

eutectic level, the solution will have the equilibrium
eutectic point as the solidus temperature. Given that
eutectic temperatures can be lowered when super-
cooled at high cooling rates?®~3Y, and tend to be more
so than equilibrium solidification temperatures®?, it
seems that it is because the cooling rates we used were
too high when passing the eutectic point (450 °C) of the
binary system that our solidification completion tem-
peratures fell below this temperature. Also the differ-
ence in such temperatures as about 440° and 425 °C
around the F.B. and in the center of the weld metal,
respectively, may be due to the difference in cooling
rates: 140-150 and 220-230 °C/s, respectively, beyond
the equilibrium eutectic temperature.

Regarding the HAZ, the curve GH (— A —) traces the
limits where the macroscopic compression has just
become noticeable in the fracture; so in the zone closer
to the F.B., there was no appreciable compression,
while the surface was totally covered by liquid film.
The temperature ranged from 560 °C at the point G to
470 °C, approximately, at H. The curve IJ (—¥—)
traces the limits where the compression has just rea-
ched the maximum; so this, just like the curve EF for
the weld metal side, represents the maximum ductility.
The temperature varied from 490 °C at the I to 440 °C,
approximately, at J. The reason set forth under sec-
tion 3.2 may be also applicable to the observation that
the curve IJ lies significantly below the nominal solidus
of the A5083. Thus the solution enrichment in grain
boundaries appears to be an important factor in the
(study of) solidification process. However there are
so far very few observations of this behavior conduct-
ed quantitatively or as a function of time, and further
discussions will be necessary on this subject based on

(145)

(231)

experimental results to come.

The curves IJ and EF meet each other on the F.B. at
about 1.3 s (after the arc extinguishment). It is thus
apparent that the ductility of the HAZ reached its
maximum in 1.3 s, or at temperatures fell below 440 °C.

As shown in Fig. 3, the CCSP diagram is divided by
the curves AB, CD, EF, GH and 1], into the regions (I)
to (VII). Table 2 summarizes the phases and struc-
tural characteristics observed in the regions.

4. Conclusions

Specimens of A5083 Af -Mg alloy sheet were spot
welded by TIG arc, and then subjected to a rapid
fracture test at points of time in the cooling solidifica-
tion process after the welding was terminated. The
process was discussed based on the scanning electron
microscopy and temperature measurements, with the
conclusions as follows:

1) The HAZ has, for a certain period after the arc
extinguishment, both. so-called brittleness region,
caused by grain boundary general liquefaction, and
so-called ductility reduced region caused by partial
liquefaction. The liquid film gradually reduces in
volume with time, or with temperature decrease,
until it totally disappears at an F.B. temperature of
about 440 °C, when the HAZ exhibits the highest
ductility in the process accordingly.

The grain boundaries within the liquid/solid coexis-
ting region are totally covered by liquid film down
to a certain temperature, which may be about
490 °C around the F.B. or 575 °C in the weld metal
center. The liquid film gradually decreases with
time. Taking the loss of the liquid film as the
completion of solidification, the temperature for
such loss is 440 °C around the F.B. and about 425 °C
in the weld metal center, which are both significant-
ly lower than the nominal solidus temperature of
A5083 at 579 °C. Those values are independent of
the direction of rolling of the base metal.

The analysis of the fracture faces makes it possible
to establish the completion of the solidification
process, which is very difficult by that of the coo-
ling/solidification process based on temperature
measurement alone. This leads to the develop-
ment of CCSP diagram which particularly indicates
the phase variation with time and with position in
the whole cooling and solidification process.

2)

3)
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