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Abstract: A required finite element method (FEM) model applicable for narrow gap CMT and CMT+P MIX welding was
established based on the interactions between arc, base metal and filler metal. A novel method of simplifying wire feeding pulses and
heat input pulses was supposed under the conduction of equivalent input. The method together with composed double-ellipse heat
sources was included in the model. The model was employed in the investigation of thermal cycling and the identification of the
softened zone of AA7AS2 base plates. Low-frequency behavior emerged in the form of low-cooling rate sects, which were not
expected under experimental conditions. The softened zone including the quenched zone and averaging zone of the base plate was
much wider internal the base plate than that close to the surfaces. The reliability of the predictions in thermal cycling was supported

by infrared imaging test results of the thermal cycle process.
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1 Introduction

The numerical simulation based upon finite element
method (FEM) has been an effective way of
investigating the instantaneous characteristics during
materials processing. Few reports have been found on
simulation about cold metal transferring (CMT) or CMT
mixed with pulses (CMT+P MIX) process, because the
frequency of the pulse behavior of wire feeding and heat
input was too high to be simulated. As reported by
PICKIN et al [1], the short circuit duration could be only
several milliseconds. Though CME was successfully
used in welding thin plates [2], it was a novel method for
welding thick plates. Narrow gap welding has been
utilized to obtain higher productivity and smaller amount
of filler metal addition. With regard to narrow gap
welding, typical V-style groove was utilized by CHO
et al [3] and the dynamic molten pool behavior was
studied by numerical method. Groove of double-V style
was recommended by ANSI and ASME as described in
the Process Piping part. WU et al [4] and CHEN et al [5]

reported systematic investigation on arc and weld pool
during GTAW process. The shape and energy distribution
were predicted under the conduction that the dynamic
behavior of the weld pool could be predicted. However,
the interaction between arc, base metal and filler metal
becomes much more complex due to the unique shape
and energy distribution of arc when CMT+P MIX is used
in narrow gap welding of thick plates, which makes it
more difficult to make good use of FEM.

Softening of the heat affected zone (HAZ) in the
base plates has been the key obstacle factor in welding
high-strength aluminum alloys, although hardening was
found in friction stir welded aluminum alloys [6]. The
softening behavior was reported to cover the peak
temperature range above 230 °C by MA and OUDEN [7]
in the weld joint of Al-Zn—Mg based alloys. The
softening zone was divided into averaging area and
quenching area, respectively, characterized with
coarsening in grain size and solid solution. The
temperatures distinguishing the two areas were 350 °C
and 410 °C for AA7020 and AA7022, respectively. FU et
al [8] found slight discrepancy in AA7055 joint with the
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averaging zone between 230 °C and 380 °C. The
strengthening phases vanished after 1 h solid solution
treatment under 477 °C for AA7055, as found by CHEN
et al [9]. Softening was found in area where the peak
temperature was above 200 °C or within 12 mm from the
welding pool boundary. The hardness of AA7AS2 under
different peak temperatures was researched by DENG et
al [10] with thermal simulator for welding research and it
was revealed that the material was obviously softened

when the peak temperature was 300 °C or around 500 °C.

Softening in thick AA7AS2 base plate by CMT+P MIX
process was predicted in the presented work by the way
of finding out the critical temperatures, which was of
novelty in comparison with the traditional way of
microstructure analysis [11] or fracture analysis [12].

2 Experimental

AAT7TAS52 plates with thickness of 20 mm were
welded by a proprietary technology, in which the groove
angle was 18° and filler metal was added successively in
three passes in the same direction along positive z axis
with cross-sectional area no more than 105 mm?, as
shown in Fig. 1. In order to keep the inter-pass
temperature below 100 °C, the inter-pass cooling time

intervals were set as 140, 150, and 400 s in sequence.

Specific positions at the edge of the plates (node 11 in
section F, section M and section E) were selected where
the thermal cycling process was recorded with infrared
camera.

3 Analytical model

3.1 Modeling of cooperation between heating source
and wire feeding

A whole cycle (#;) of wire feeding speed and heat
input was composed of a CMT transfer cycle (¢cvr) and a
pulse transfer cycle (fpys). Frequency of the CMT-+P
process may be beyond 60 Hz which was inapplicable
for heat sources to be loaded or for the death-to-birth
process to be executed.

Modeling of the CMT+P welding process should be
based upon the interactions among arc, filler metal and
base metal. Welding arc was ignited first at the root of
the groove located on point 4 and globally tracked along
vector AC as shown in Fig. 2(a). Vector AC was
composed of several sections (AC = AD+ DE +---+ FC)
and the birth-death element arithmetic was hereby
introduced into simulating material addition. Firstly, all
the filler metal elements were defined death by dividing
the parameters of the elements by approximately 10
orders of magnitude. The dead elements were activated
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Fig. 1 Schematic diagram of coordinates definition, weld passes and cross sections with each section (a) and groove size detailed (b)
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Fig. 2 Schematic diagram of interaction track between arc, base plates and filler metal during first pass: (a) Global motion along

E; (b) Local motion along AB
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in sequence according to welding speed with the
stepwise heat input in step. For the equivalent heat input
method, each section was activated in one load case step
and all the cycles within the same load case step(the
number was assumed to be N as shown in Fig. 3) were
recombined into one according to the principle of
equivalent welding power input. It was indicated by
Fig. 3 that the heat input frequency was finally decreased
by increasing the cycle time. Empirically the thickness of
the filler metal added in the first pass was 10 mm, which
means necessarily the local climb along 4B for arc.
Heat input was thus divided into two parts, including one
part directly loaded on the base metal before the droplet
transferred to the base metal and the other part loaded on
the bead when transferring got finished as shown in
Fig. 3(b). Correspondingly, two double ellipsoid heat
sources were adopted. Identical process occurred in the
second or the last weld pass.
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Fig. 3 Schema of equivalent heat input method: (a) Original
heat input along time in which each heat input cycle (#))
included a CMT cycle (tcyr) and a pulse input cycle (fpyse); (b)
Optimized heat input along time in which one heat input cycle
included several combined CMT cycles (Ntcyr) and pulse
input cycles (N-fpyse)

3.2 Boundary conditions

The material property parameters could vary greatly
as working temperature changed [13]. In order to get rid
of the influences from the varying parameters and focus
on the character of the CMT welding process the
property parameters were used as constant variables [14].
Heat input of arc, heat conduction, phase transformation
inside the material, heat transferring from material to
both atmosphere and the backing liner plate were

considered to contribute in thermal cycling. Thermal
exchange inside the material could be characterized by
heat balance equation according to the first low of
thermodynamics:
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among which A, =4, =4, . The latent heat of liquation
transformation referring to pg; was dealt by LAI et al
[15] in the way of equivalent specific heat capacity, thus

q; = Lo(Ty = T5) (2)

where L, is the equivalent increment in heat capacity; 71
is the liquidus temperature; T is the solidus temperature.
The atmosphere was assumed to be thermostatic and heat
transferring from material to atmosphere occurred in
three ways including natural convection, radiation and
conduction. Conduction energy could be characterized as

QZ =ﬂat(TF_Tat) (3)

where A, is the conduction coefficient; 7y is the
temperature of material surface; 7, is the constant

atmosphere temperature. The heat emission to
atmosphere is
@ = Ao(Ty ~Ty) 4

where A is the emissivity of material and o is
Stefan—Boltzmann constant. One horizon flat plate and
two vertical flat plates were included in the natural
convection process. The universal equation is

Oc =C(G,-R)" (T —Ty) (6]

where G, P;, the constant C and exponent n were set to
be 1.6x10°, 0.54 and 0.25 respectively for the plates
placed horizontally, and 1.0x10", 0.7 and 0.3 respectively
for the plates placed vertically [16]. The downward flat
plate was fixed onto the liner plate as shown in Fig. 1,
thus the main heat transfer style between the welded
plate and the liner plate was assumed to be mainly
conduction.

4 Results and discussion

The elements were ununiform in size and the weld
bead was meshed in smaller size. The weld direction was
positive along z axis with the thickness direction along
positive y axis in Cartesian coordinate system as shown
in Fig. 1. Three cross sections transverse to the z axis
were firstly chosen as the characteristic faces to define
the global temperature field and several points were
selected as the characteristic points to define the
temperature field on characteristic faces. The local
thermal cycle process that all the nodes from the three
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cross sections underwent could tell the characteristic of
the global thermal cycle process. Each of the symmetric
cross sections was divided non-uniformly by three lines,
on which several nodes were picked out to indicate the
thermal cycle of the cross sections. The selected nodes
from every section were located as shown in Fig. 1.

4.1 Thermal cycling

Three nodes numbered as 11 from the three cross
sections were chosen as the reference nodes of which the
thermal cycle curves obtained with solution method were
compared with the experimental infrared photography
results as shown in Fig. 4. Good consistency exhibited in
Fig. 4 means the validity of the established FEM model
for CMT+P MIX welding process. The thermal cycle
curves of the selected nodes on the lines from all the
three cross sections are shown respectively in Figs. 5, 6
and 7.
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Fig. 4 Thermal cycling curves of reference node form key cross

sections obtained by numeric solution (a) and experiments (b)

The thermal cycle of any node was characterized by
three sequent temperature peaks in accordance with the
three welding passes. Temperature evolution of nodes
from the cross section M was extracted firstly. During
the first pass, the peak temperature of node 2 was
approximately 600 °C which was the maximum among
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Fig. 5 Thermal cycling curves of nodes numbered from 9 to 12
from cross section M
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Fig. 6 Thermal cycling curves of nodes numbered from 13 to
16 from cross section M
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Fig. 7 Thermal cycling curves of nodes numbered from 17 to
19 from cross section M

nodes from 1 to 4. The peak temperature of node 6,
210 °C, was found to be the supreme among nodes from
5 to 8. During the second pass, the supreme peak
temperature was close to 360 °C at node 3 among nodes
from 1 to 4. The peak temperature of node 7, 145 °C,
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was found the maximum among nodes from 5 to 8. The
peak temperatures of nodes 4, 8 and 10 achieved 175, 73
and 61 °C respectively, the highest on the three lines
during the third pass. The temperature difference was
almost zero for nodes 9, 10 and 11 during the whole
welding process.

Cooling rate of two sects from the cooling curve
was indicated to be smaller than the other parts as the
partial enlargements shown in Fig. 5 and Fig. 6. As was
discussed above, high-frequency character of pulse heat
input was eliminated by the way of combining several
cycles into one. The thermal cycle was then
characterized with alternation of heating and cooling.
The time that the temperature reached the peak was
assumed to be at the end of a specific heating step,

followed by a cooling step and a heating step in sequence.

The cooling rate during the two steps was shown to be
the highest and the lowest, respectively. In the heating
step, heat accumulation made up heat loses as a result of
rapid heat diffusion inside the plates, thus lowering the
cooling rate. The phenomenon was not expected to turn
up under experimental conditions because of the high-
frequency character of pulse heat input. Moreover, the
low cooling rate sects were indicated to be present under
the condition of high peak temperature, which was
proved by the absence from the thermal cycle curves of
nodes 9, 10 and 11.

4.2 Softened zone

It was assumed that solid solution or coarsening
occurs wherever the peak temperature was above the
quenching temperature or the averaging temperature.
Thus solid solution portion and coarsening portion of the
joint could be singled out respectively by dividing the
joint with isothermal lines or faces.

The critical solid solution temperatures and
averaging temperature were supposed to be 450 °C and
230 °C, respectively. So, the quenching area and

averaging area in the cross section M are shown in Fig. 8.

It was indicated that the softened zone should not be
simply described by two parallel lines of specified
distance from the weld or the molten pool boundary. The
quenched area was in strip shape and obviously narrower
than the averaging zone inner the plates. The strip shape
was supposed to be a proof of high temperature gradient

"
: —-—— 610°C

450 °C

230 °C

Quenched zone

Overaging zone

Fig. 8 Schematic diagram of quenched zone and over-aged
zone in base plate

as a result of high thermal diffusion coefficient for
aluminum alloys. Though the coefficient of heat transfer
on the bottom surface was higher, higher heat input of
the first weld pass made the softened zone appear wider
and closer to the bottom surface inner the welded plates.
In addition, for both kinds of HAZ it appeared to be
wider internal the welded plates than close to the
surfaces as a result of higher heat transferring speed
inside the plates.

5 Conclusions

1) A FEM model for simulating the narrow gap
CMT+P MIX welding process was established and
applied to identifying the softened zone in AA7A52 base
plates. The experimental results of thermal cycling by
infrared imaging agreed well with the simulated results.

2) Two sects with lower cooling rate were found
from the numerical thermal cycle result, which was
supposed to be a result of low-frequency behavior of
simulated heat input. High thermal diffusion rate of the
material also contributed to decreasing the cooling rate.

3) By identifying the quenched and averaging zones,
it was indicated that the softened zone was much wider
inner the base plates than close to the flat surfaces. The
strip-shaped quenched zone was obviously narrower than
the averaging zone internal the plates.
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