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Certain aluminum alloys are particularly
susceptible to solidification cracking dur-
ing welding. The occurrence of this crack-
ing remains a poorly understood phenom-
enon, not possible to predict, in spite of
extensive experimental studies and mode-
ling. Solidification cracking is generally
believed to result from the uniaxial tensile
fracture of liquid films at grain boundaries
within the two-phase mushy zone [1].
Stresses and strains at the trailing edge of
the weld pool can be either compressive or
tensile, and arise from an interaction be-
tween the weld thermal experience (i.e.,
heating and cooling cycles), restraining
forces, and solidification shrinkage [2-4].
Compression cells form as a result of lo-
calized heating (restrained expansion),
whereas tensile cells form in reaction to
this compression, but also include stresses
resulting from rapid cool down (restrained
contraction) plus solidification shrinkage.
When examining the conditions needed for
a weld solidification crack to exist, one
must consider both crack nucleation and
growth, although in either case the associ-
ated mechanisms are not well defined.
Crack nucleation involves the creation of a
liquid vapor interface, i.e., liquid fracture
[1], from which a crack may then grow un-

A mass balance model has been evaluated that estimates the critical
conditions for sustaining continuous crack growth in the mushy weld
zone. With the aid of a strain partition model, the critical local strain
rate (across the weld) has been related to the critical grain boundary
deformation rate needed for crack growth. In the present work, these
two models are applied to aluminum welds to investigate the theoretical
effects of several metallurgical factors on solidification cracking suscep-
tibility. Calculations quantify the improved cracking resistance associ-
ated with a smaller coherent temperature range, grain refinement, high
solid fraction at coherency, and rapid development of tensile strength

through solid-solid bonding.

der favorable conditions that require the
presence of a tensile stress.

Solidification cracking in general has
been viewed in a great diversity of ways [5-
8]. Its occurrence in welds, for example,
has been defined in terms of critical
stresses, strains, and strain rates [9, 10].
While some cracking models consider the
maximum stress a liquid film can sustain
[11-13], most assume that fracture in the
mushy zone is strain limited [14-16]. Argu-
ing that a large solidification range permits
a large build-up of strain and a greater like-
lihood to crack [17, 18], it has been demon-
strated that cracking will occur if the ac-
cumulated strain exceeds a ductility limit
represented by characteristic ductility
curves established for specific alloys. Duc-
tility-based models have recognized that
strain rate is also an important factor, but
only in so far as it serves to determine how
much strain can be accumulated during the
time of solidification [16]. A majority 0{
these models suffer from one common\\

shortfall in that they fail to address how the

liquid is fractured. One notable exception
to this is the recent model of Rappaz,
Drezet and Gremaud (RDG) [19], where lig-
uid fracture is specifically related to an in-
terdendritic pressure drop and cavitation.
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However, recent application of this model
to aluminum welds has suggested that con-
ditions for cavitation require anomalously
high amounts of dissolved gas in the inter-
dendritic liquid [20].

Mechanisms for solidification crack
growth have received only limited attention
in the literature. Following nucleation of
the solidification crack, specific conditions
are required to grow the crack, in terms of
stress [21, 22] or strain rate [20, 23-26].
Stress-based models have been used to
characterize crack growth by applying
solid-state fracture mechanisms to liquid
film rupture, taking into account surface
energy effects [21] and a modified Griffith
criterion [22]. One pressure-based model
assumes a gas pore to grow as a crack if the
sum of pressures contributing to its growth
(e.g., liquid pressure drop and dissolved
gas pressure) exceeds the pressures con-
tributing to its shrinkage (hydrostatic pres-
sure, capillary pressure, atmospheric pres-
sure) [24]. A simplified mass balance ap-
proach [20, 25, 26] considers the crack
opening due to transverse deformation to
be compensated by advancement of the
crack and feeding of liquid. Of particular
interest to welding is the boundary condi-
tion that crack growth is fixed at the weld-
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ing speed, where the crack tip must remain
in the mushy zone [20, 27, 28].

Important to solidification cracking mod-
eling is the concept of coherency, which is
a unique property of the alloy and solidifi-
cation conditions [9]. Coherency corre-
sponds to the interconnection of the den-
drite arms, either mechanically (interlock-
ing) or through atomic bonding, and is
accompanied by a marked increase in
shear strength below the coherency tem-
perature [29-31]. The solid fraction interval
in which coherency exists determines how
solidification shrinkage will be distributed
in the mushy zone. The ability to feed
shrinkage with liquid diminishes with
solid fraction, causing a pressure drop. At
later stages of solidification, where liquid
is no longer continuous, there is a rapid
build-up of tensile strength. The ability to
support a tensile stress is an important as-
pect needed for crack growth. That being
said, the typical smooth appearance of the
solidification crack fracture surfaces sug-
gests that crack growth seldom involves
the tearing of dendrites, but rather involves
the continuous separation of a liquid film.

In the present work it is assumed that a
crack has already nucleated and thus only
conditions required for continuous crack
growth will be examined. It is considered
reasonable to assume that the nucleation of
cracks will not be a controlling step, based
upon the abundance of liquid vapor defects
already present in the weld pool including
porosity and oxide biofilms [1, 20]. The aim
of this publication is to apply a mass bal-
ance approach to estimate the effects of co-
herent temperature range, grain size, solid

fraction at coherency, and crack tip location
upon the conditions required to promote
steady-state growth of a solidification crack.

| solidification Crack Modeling

Crack Growth Model. The mass balance
based crack growth model presented here
has been developed in more detail in a pre-
vious work [20]. When evaluating crack
growth, the mass balance approach was
deemed particularly applicable to the
steady-state conditions of continuous crack
advancement behind the weld pool. Specifi-
cally, the crack grows continuously in lig-
uid that is present at a grain boundary, with
its tip located at a fixed position within the
mushy zone at a fixed solid fraction.

Grains in the mushy zone are considered
separated by a liquid film of thickness h as
depicted in Figure 1. (L-x) is taken as the
length of liquid film exposed to transverse
strain in the region of dendrite coherency.
The transverse deformation rate SL is com-
pensated by both advancement of the crack
(rate x equal to weld travel speed) and lig-
uid feeding (flow rate v;) in the form of a
mass balance:

Oy (L-x) =xh; +vih, (1)

with h;, h,: liquid film thickness at the
crack tip and coherency point positions. At
a solid fraction fs, the liquid film thickness
h equals (1- f,) x A;, where A, is primary
dendrite arm spacing.

The RDG model [19] estimates the inter-
dendritic liquid pressure drop at the den-
drite root (AP,,,,) due to insufficient liquid
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feeding to compensate solidification
shrinkage and thermal contraction:

AP =P —P =AP + AP =
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with E(T)= éjfs(T)é(T)dT

P, and P liquid pressure at dendrite tip and
root, W is liquid viscosity, [ is shrinkage fac-
tor, vy is isotherm velocity, G is thermal gra-
dient, Tg and T are solidus and liquidus
temperatures, K is dendrite permeability,
and f,(T) and &(T) are solid fraction and
strain rate at temperature T, respectively.
The first term on the right hand side of
Equation 2 is the contribution of thermal
strain to the liquid pressure drop (AP,),
whereas the second term is the contribution
from solidification shrinkage (AP,). The lig-
uid flow v; is calculated from Darcy “s law:

f oy =:1£d(APsh+APS) @)
L L n dx

with f;: liquid fraction at the point of initial
coherency.

Strain Partition Model. Defining how
the local strain rate (across the mushy
zone) is partitioned between grain bounda-
ries is of particular importance to the crack
growth model. Experimental local displace-
ment measurements are typically made us-
ing an extensometer [32, 33] or LVDT [34]
spanned across the mushy weld zone.
Hence, it is convenient to consider this

[

One

I

Figure 2. Scheme showing deformation rate
across mushy zone (9), grain (0), and grain
boundary liquid (0;) as defined in strain
partition model of Equation (4)
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measured local displacement rate (8) as
equally divided between N adjacent grains
of equal size separated by liquid films of
equal thickness using a very simple 2-D
strain rate distribution model proposed in
Figure 2 [25, 26]. The model assumes that
grain coherency inside grains exceeds the
coherency present at grain boundaries.
Likewise, if a distinction is made between
grain boundary liquid (3;) and grain (3)
displacement, the local displacement rate
across the mushy zone (N grains) from Fig-
ure 2 can be given as [20]:

§=N(8; + ) (4)

Similarly, the local strain rate across the
mushy zone can be defined as:

&=8W (5)

with W: width of the mushy zone.

The deformation rate of grains in the
mushy zone (SG) is approximately equal to
the rate of solidification shrinkage Ssh, and
Jarge in comparison to the deformation orig-
inating from the liquid pressure drop when
considering aluminum alloys [20, 25, 26].

The thermal gradient G is assumed con-
stant, thus the length L of the coherent
zone (i.e., from coherency to solidus) can
be estimated by:

T h ~ Ts

L= == (6)

with T, and T: coherency and solidus tem-
peratures. The time At ; for the tempera-
ture to drop from T, to T, is related to the
velocity of isotherms vy (assumed equal to
the welding speed):

At =— (7)

The solidification shrinkage rate SSh is then
determined by:
Gspo(1-f,,)

coh,s

(8)

with GS: grain size, f,,: coherency solid
fraction and B: linear solidification shrink-
age factor.

Constants Used in Model Calculations.
The present theoretical work investigates
the effect of solidified weld metal grain size
(average grain diameter), coherent temper-
ature range, solid fraction at the coherency
point, and solid fraction at the crack tip on

the critical conditions to grow a crack at a
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velocity equal to v;. The values for con-
stants utilized in model calculations are
listed in Table 1. These values were se-
lected, based upon a previous analysis [20],
to represent approximate values for an alu-
minum alloy in general when welded using
a gas tungsten arc process (490 J/mm heat
input, 4 mm/s travel speed). While some
values may vary for different aluminum al-
loys, these approximations are sufficient
here for the purpose of establishing weld-
ability trends. A volume shrinkage of 6%
typical for aluminum is assumed, giving a
linear shrinkage of 2 %. The linear shrink-
age is applied between the liquidus (Ty)
and solidus (T) temperatures in proportion
to the solid fraction.

| Results

Model calculations focus on determining
the effect of different metallurgical varia-

bles on the conditions required for crack
growth. These conditions are expressed in
terms of a critical grain boundary liquid
deformation rate (SLy o) and critical local
strain rate (£,), with larger (more positive)
values indicating better weldability. Posi-
tive values represent outward displace-
ment away from the weld center. The con-
stants given in Table 1 will be kept con-
stant except for one single metallurgical
feature (e. g., CTR, GS, f o, f5 cr) DT Inves-
tigation, which is purposely varied to ex-
amine and quantify its effect on weld so-
lidification cracking susceptibility.
Coherent Temperature Range Effect.
The coherent temperature range (CTR) was
varied from 50 °C to 150 °C. The calculated
values of SL, and &, drop from 0.58 um x s
to 0.15umxs! and +0.07%xs? to
-0.80 % x 51, respectively, when increasing
the CTR from 50 °C to 150 °C (Figure 3).
Negative values of critical local strain rate

Parameter Symbol Value
Linear shrinkage factor 0.02
Liquid viscosity 1x103%Paxs
Thermal gradient 25,000 K x m!
Velocity of isotherms 0.004 m x s
Primary arm spacing 1x10°m
Secondary arm spacing 1x10%m

A (1) .

Permeability 16T 'fSZ
Coherency temperature range 100°C
Grain size 50 um

Solid fraction at coherency 0.4

Solid fraction at crack tip 0.98

Table 1. Values of constants used for calculations in Equations (1) to (8) from a previous

publication [20] and from van Hoorn [35]

Critical grain boundary liquid deformation rate
-

8, WM/}
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Coherent temperature range
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Critical local strain rate
L
£, (%/s)

1

0.5

50 60 70 80 90 100 110 120 130 140 150
Coherent temperature range
b) CTR(°C)

Figure 3. Effect of coherent temperature range (CTR) on a) minimum liquid deformation rate SL, &
b) local strain rate €, to grow a continuous weld solidification crack

585



indicate inward movement of material and,
accordingly, represent very poor weldabil-
ity. Note that, in this case, the negative
strain does not fully compensate for solidi-
fication shrinkage, allowing for a net sum
tensile strain rate large enough to support
crack growth.

This predicted loss in weldability with in-
creased CTR follows the general concept
that alloys with large coherent solidification
ranges will experience higher cracking sus-
ceptibility due to difficulty in feeding
shrinkage and the possibility to accumulate
strain over longer solidification times. This
Shrinkage-Brittleness theory was first pro-
posed in the late 1940’s [17, 31, 36, 37]. The
model detailed in Equations (1) to (8) relates
the solidification crack growth directly to
the ability to feed transverse displacement
in the mushy zone. This highlights the role
of liquid supply provided in the mushy
zone, with feeding becoming increasingly
difficult with distance from the fusion line
(i. e., closer to the solidus).

Another temperature range sometimes
used to represent sensitivity to cracking is

Critical grain boundary liquid deformation rate
8 lum/s)
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05 -
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60 80 100 120 140
Grain size
a) GS (um)
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the brittle temperature range (BTR) used
empirically to predict relative cracking
susceptibility of an alloy [38-40]. The BTR
concept has been applied to establish char-
acteristic ductility curves for specific alu-
minum alloys [15, 16, 41], defining a criti-
cal strain needed to cause cracking. How-
ever, it is not clear mechanistically what
microstructural state the BTR represents. It
is possible that BTR and CTR represent the
same thing, i.e., range between coherency
and solidus temperatures.

Grain Refinement Effect. The grain size
(GS) value was varied from 10 pum to
150 um. Calculated values of SL, o Were un-
affected by grain size, holding at a constant
value of 0.21 um x s (Figure 4a) per the
mathematical formulation of Equation (1).
However, a GS reduction from 150 pm to
10 um increased the ¢, value from
-0.95% x st to +1.01%x st (Figure 4b),
and is associated with a change in the strain
distribution across the mushy zone. Strain
partitioning has received little attention [14,
20, 25, 26], despite its importance in relating
experimental strain measurements to theory.

Critical local strain rate
&, (%/s)

1 -

0.5

0 20 40 60 80 100 120 140
Grain size
b) GS {um)

Figure 4. Effect of grain size (GS) on a) minimum liquid deformation rate SL, o ) local strain rate €,

to grow a continuous weld solidification crack

Critical grain boundary liquid deformation rate
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Critical local strain rate
£, (%15)

14

0.5 4

0 01 02 03 04 05 06 07 08 09 1
Solid fraction at the cherency point
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Figure 5. Effect of solid fraction at coherency (f, ,,;) on a) minimum liquid deformation rate SL, o
b) local strain rate €, to grow a continuous weld solidification crack

When considering the mushy zone, strain is
localized in the most vulnerable region, i.e.,
at grain boundary liquid films, for tempera-
tures below the coherency temperature.

Experimental investigations on aluminum
alloys have shown a strong reduction in so-
lidification cracking susceptibility with the
addition of a grain refining element [42-45].
Grain size directly affects the strain distribu-
tion within the mushy zone; grain refine-
ment increases the number of grain bounda-
ries, thereby reducing the strain experi-
enced by each boundary. Reduced cracking
susceptibility of aluminum alloys AA7108
[45], AA6060 [42], Al-6 wt.-%Cu binary alloy
[43], and Al-2.2Li-2.7Cu [44] with addition
of grain refiners scandium [45], titanium
boron, i.e., TiBor [42, 43, 45], titanium
[44], and zirconium [44] have been related
to grain refinement and the associated
change from coarse columnar to refined
equiaxed grain microstructure. Specific to
this model, the beneficial role of grain re-
finement (i.e., large N in Equation (4)) in
reducing cracking susceptibility [42-45] is
associated with the lowering of the strain
rate experienced at each single grain
boundary.

Coherency Point Effect. The solid frac-
tion at the coherency point (f; ,,) was var-
ied from 0.1 to 0.9, which reflects den-
drite structure and what stage of solidifi-
cation coherency begins. The calculated
values of 8 ., and &, were found to change
from 0.29 um x s to 0.19 um x s and
-1.06% x s to +0.20% x s, respectively,
when increasing fs,coh from 0.1 to 0.9 (Fig-
ure 5). The slight drop in SL, o reflects the
difficulty in feeding liquid through nar-
rower interdendritic channels associated
with a greater solid fraction. On the other
hand, the solidification shrinkage, as-
sumed proportional to the solid fraction in
Bquation (8), is smaller for large f ., val-
ues. Therefore, while a higher coherency
solid fraction hinders liquid feeding, this
can be over-compensated by a large reduc-
tion in solidification shrinkage.

Crack Tip Location Effect. The location
at which the crack tip grows, fixed in the
mushy zone and expressed in terms of
solid fraction (f; o;), is something that is not
intrinsically known for any given alloy sys-
tem and yet appears to be a key factor de-
termining weldability. It is observed from
the model that crack tip location can
strongly reduce weldability if it is shifted
to higher solid fractions. Calculated values
of §; ., and &, change from 1.19 um x s to
0.02 um x s1 and +1.27 % x s to -1.00 % x s1,
respectively, when increasing f; o7 from 0.9

56 (2014) 7-8
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Critical local strain rate
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Figure 6. Effect of solid fraction at crack tip (f; cr) on @) minimum liquid deformation rate SL -
b) local strain rate €, to grow a continuous weld solidification crack

to 1.0 (Figure 6). This is a direct result of
having to feed liquid over longer distances.

It can be argued that the crack tip will
not locate at very low solid fractions where
liquid can easily back-fill all voids. Voids
simply cannot exist under these conditions
and continuous crack growth is not possi-
ble. The crack tip also will not locate at
very high solid fractions where liquid films
become discontinuous. Here strength
builds rapidly through dendrite bonding,
as observed in tensile tests of semi-solid
melts (typically at solid fractions above
0.96). Crack growth in this region would re-
quire solid-solid fracture, something not
typically observed on solidification crack
surfaces. Recall that the model specifically
requires that a continuous liquid film be pre-
sent and that the crack grow in the liquid.

Thus, it is likely that cracks will grow at
or near the point of liquid discontinuity,
avoiding any high energy breakage of
solid-state bonds and yet releasing large
amounts of strain energy as the centerline
crack parts the weld. As with any steady
state process, it is possible that the crack
tip may drift ahead or behind its preferred
growth location. Accordingly, some crack
surfaces will occasionally show solid-solid
breakage and sometimes indications of ex-
tensive liquid back-filling.

§ Discussion

One point of particular importance shown
by model calculations is the overriding ef-
fect of grain refinement. The predicted
weldability improvement at smaller grain
size is in agreement with experimental
data on weldability [42-46]. According to
the present model, this important improve-
ment may be explained by the synergy of

56 (2014)7-8

two consequences of grain refinement.
First, grain refinement lowers the strain
experienced by each individual grain
boundary (recall Equation (4)). Second,
grain refinement postpones the onset of
strength buildup (i.e., coherency) during
solidification [29]. This can be associated
with a change in grain shape (columnar to
equiaxed) and a greater degree of grain
misorientation that comes with random
crystal nucleation. In non-refined colum-
nar structures, the large and highly
branched grains inter-lock, hindering grain
rearrangement, whereas in refined micro-
structures the small equiaxed grains more
easily slide and adjust, resulting in a de-
layed development of strength. Moreover, a
theoretical evaluation has shown that liquid
film life is extended for highly misoriented
adjacent grains [47]. Altogether, the conse-
quent smaller grain size (GS) and increased
solid fraction at coherency (f; ) associated
with grain refinement results in improved
weldability (see Figures 4 and 5).

Also important is the location of the
crack tip within the mushy zone, likely to
be positioned just ahead of the onset of lig-
uid discontinuity. This final stage of solidi-
fication involves the formation of isolated
liquid pockets, which involves extensive
inter-grain solid bridging and an associ-
ated increase in tensile strength [36, 37,
48]. Crack advancement in this region
would require breakage of dendrites, which
is not typically observed. Where this onset
of liquid discontinuity occurs, key to locat-
ing the crack tip, is likely affected by den-
drite structure and liquid properties. Solid
bridging is dependent not only upon the
quantity but also upon the distribution of
liquid at the grain boundaries influenced
by wettability [1, 36, 37, 49, 50].

Coherency temperature
range CTR (°C)

150 —

°
130 4= @ /

110 ==

90 —
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70 - 60 150
/ 80 / 200
50 ! ! /l/ l /I

T T T T T T
03 04 05 06 07 08 090095
Solid fraction at coherency {f,

scon)

Figure 7. Calculated CTR: f, .., map showing
threshold grain size (in /um)y in aluminum alloys
to avoid weld solidification cracking under a
local strain rate of 0.2 % = s and solid fraction
at crack tip of 0.98

The model suggests that all aluminum
alloys can be made weldable as long as the
weld metal grain size is below a critical
value. This is of practical importance, be-
cause it means that a sufficient amount of
grain refiner should be added to the filler
metal to ensure that a critical weld metal
grain size is achieved for a given alloy. The
present model was used to generate the
map shown in Figure 7 indicating the
threshold grain size needed to avoid crack
growth, shown as a function of CTR and
f; con Values, when submitted to a 0.2 % x st
local strain rate. This map can be viewed as
the envelope, i. e., surface, of the iso-strain
rate plane at 0.2% x s in a 3-D parametric
space (grain size, CTR, f; ;). This map pre-
dicts that the best weldability is attained
for aluminum alloys with small CTR and
high fs,cuh'

The solidification paths for several com-
mercial aluminum alloys (alloys 2014,
2024, 2219, and 6060), measured in previ-
ous study [28, 33], were used to locate each
relative position of alloy on the map in Fig-
ure 7, assuming a constant fs,CT value of
0.98. It is observed that the position of at
least one alloy, alloy 6060, does not fit with
observed weldability behaviour as repre-
sented in the data of Table 2. Autogenous
welds made on 6060 are known to be
highly susceptible to solidification crack-
ing, with improvements made using 4043
filler. This suggests that more accurate val-
ues for fs,CT are needed for each individual
alloy. Also, the assumption of a constant
strain rate (0.2 % x s1) does not necessarily
reflect the unique thermal mechanical re-
sponse to welding for each alloy. Neverthe-
less, the concept demonstrated in Figure 7
presents a valuable tool for understanding
weldability.
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Due to the simplified nature of the model
presented, not all factors that might affect
sustained crack growth are accounted for.
For example, the critical grain boundary lig-
uid deformation rate could be affected by
high temperature intermetallic phases that
block the interdendritic liquid feeding path
[54]. Also, a simplified dendritic solidifica-
tion condition was assumed at the grain
boundary, whereas the actual liquid film life
at the grain boundary is predicted to be a
function of misorientation of the adjacent
grains [47]. The partitioning of thermal
strain in the mushy zone must involve a
complex interaction between grain morphol-
ogy, coherency between grains, and grain
boundary orientation relative to strain, with
large stray grains along the center section
contributing to poor weldability [33].

§ Summary

A comprehensive model that characterizes
the underlying mechanisms involved in so-

MATERIALS TESTING FOR JOINING APPLICATIONS

lidification cracking in aluminum weld-
ments has been used to map the conditions
required for solidification crack growth by
examining select metallurgical variables.
These variables included coherent temper-
ature range, grain size, solid fraction at co-
herency, and crack tip location. The model
has proven useful in clarifying the role of
these metallurgical features when applied
to solidification crack growth.

In addition to reaffirming the previously
established weldability improvements as-
sociated with grain refinement and smaller
solidification temperature range, the model
suggests that solid fraction at coherency is
a major factor influencing weldability,
where a delay in coherency sharply in-
creases the minimum strain rate required
for cracking. Likewise, where the crack tip
resides, assumed to be near the onset of
liquid discontinuity, is shown to have a ma-
jor influence on weldability. The closer the
crack tip is to the end of solidification, the
more the weldability is lowered. This in-

Material . Welding conditions Weldability Cr%tical
base metal + filler | yoltage | Current| Welding test* strain rate | Reference
metal) V) (A) | speed (mmy/s) (%/s)
Al alloy 1050 25 200 2.5 TVT 75 [16]
Al alloy 1070 - - 1.7 SB-TVT 5.00 (51]
Al alloy 2017 18 230 1.7 SB-TVT 0.20 [52]
Al alloy 2017 - 2 1.7 SB-TVT 0.15 [51]
Al alloy 2024 25 200 25 TVT 0.72 [16]
Al alloy 2219 - ~ 1.7 SB-TVT 0.50 51]
Al alloy 5052 - - 5 VIST 0.15 53]
Al alloy 5052 - 1.7 SB-TVT 0.64 [51]
Al alloy 5083 25 200 2.5 TVT 0.15 [16]
Al alloy 5083 18 230 1.7 SB-TVT 0.35 51]
Al alloy 5083 s : 5 VIST 0.20 53]
Al alloy 5083 - - 1.7 SB-TVT 0.47 51]
Al alloy 5154 . - 17 SB-TVT 0.70 [51]
Al alloy 6060 17.8 | 110 4 CTW -0.06 (33]
Al alloy 6060+5%4043 | 17.8 | 110 4 CTW 0.06 [33]
Al alloy 6060+9%4043 | 17.8 | 110 4 CTW 0.17 (33]
6066%1311%043 17.8 | 110 4 CTW 0.22 (33]
5 oﬁﬂ;ﬁo » 178 | 110 4 CTW 0.30 [33]
6063:"2%043 17.8 | 110 4 CTW 0.35 (33]

* TVT = transvarestraint test, SB-TVT = slow bending trans varestraint test, CTW = controlled
tensile test, VIST = variable tensile strain test, VDRT = variable deformation rate test

Table 2. Relative aluminum alloy weldability expressed as critical strain rate required for weld solidifi-

cation crack formation

sight on metallurgical factors can conceiv-
ably be applied to the development of al-
loys and filler metals having better welda-
bility: small CTR, small grain size, high
solid fraction at coherency, and rapid de-
velopment of strength through solid-solid
bonding should be optimized.
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