
Grain Refinement of Aluminum 
Weld Metal 

Titanium and zirconium microadditions have a strong influence 
on grain size, solidification rate and nucleation time 

BY H. YUNJIA, R. H. FROST, D. L. OLSON AND G. R. EDWARDS 

ABSTRACT. The influence of titanium and 
zirconium microadditions on the grain 
refinement in aluminum weld metal was 
investigated. These grain refiners signifi
cantly altered the morphology of the 
solidification structure. The time to nucle
ate the first grain in the weld metal, the 
weld metal solidification rate and the 
columnar grain size were all character
ized as a function of the grain refiner 
content. Increasing the zirconium and 
titanium contents altered the weld pool 
shape, which increased the solidification 
rates, increased the nucleation rate and 
promoted grain refinement. A grain 
refinement model based on hetero
geneous nucleation on second-phase 
particles is introduced. 

Introduction 

The formation of aluminum alloy weld 
metal macrostructures has been studied 
from different aspects in recent years 
(Refs. 1-6). It has been reported that 
weld metal is primarily influenced by the 
expitaxial grain growth at the fusion and 
heat-affected-zone interface. This 
growth proceeds across the weld depos
it, creating long, oriented grains, which 
can have a detrimental influence on 
mechanical behavior. The epitaxial grains 
are the result of continual growth of the 
partially melted solid grains under the 
fusion line. Epitaxial growth requires a 
minimal undercooling to proceed, 
whereas nucleation of new weld metal 
grains requires that a significant free 
energy barrier be overcome. Conse-

H. YUNJIA is with the Welding Research Divi
sion, Materials Science and Engineering Dept., 
Northwestern Polytechnical University of Xian, 
Shaanxi, China. R. H. FROST, D. L. OLSON and 
G R. EDWARDS are with the Center for 
Welding and Joining Research, Colorado 
School of Mines, Golden, Colo. 

Paper presented at the 67th Annual AWS 
Meeting, held April 13-18, 1986, in Atlanta, 
Ga. 

quently, substantial undercooling is nec
essary. This long columnar grain structure 
is not even broken up by multiple pass 
welds. The grains epitaxially grow from 
bead to bead across the complete 
deposit. 

To achieve nucleation in the weld 
deposit and thus promote grain refine
ment, it is desirable to explore methods 
of reducing the free energy barrier or 
increasing the driving force (undercool
ing). Previously investigated methods 
include: 1) the use of grain refining addi
tions to promote heterogeneous nucle
ation, 2) the stirring of the weld metal to 
promote dendrite fragmentation and 
thus new growth sites, and 3) the modifi
cation of the heat input to promote 
banding and other disrupted solidification 
behavior. One of these recent studies 
concludes that both the stray and 
equiaxed grains of the weld metal origi
nate from heterogeneous nucleation; 
that such nucleation is favored by 
increased titanium content, and that con
stitutional undercooling plays only a sec
ondary role in the microstructural devel
opment (Ref. 1). Other investigators 
(Refs. 2-9) describe the weld metal 
microstructure as being scarcely influ
enced by nucleation, but rather, as being 
totally controlled by the solidification 
rate. Misra, et al. (Ref. 10), has suggested 
that grain refinement must be considered 
a result of competitive nucleation and 
growth processes. 
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The effects of welding speed and heat 
input on the weld metal macrostructure 
have been investigated for gas tungsten 
arc and electron beam welds on a variety 
of commercial aluminum alloys (Refs. 3, 
4). It has been theoretically postulated 
that the nucleation of equiaxed grains 
depends on the extent of constitutional 
supercooling, as well as on the solidifica
tion temperature range. These conditions 
are in turn controlled by the material 
composition and the welding process 
parameters. Magnetic stirring has been 
shown (Ref. 2) to extend the range of 
welding conditions by producing a par
tially equiaxed structure and by increasing 
the fraction of equiaxed grains in the 
weld metal. Magnetic stirring is thought 
to lower the temperature gradient, there
by allowing nucleation and growth of 
aluminum grains further ahead of the 
columnar grains growing in from the 
solid-liquid interface (Ref. 2). To date, no 
experimental evidence has identified 
changes in constitutional undercooling 
arising from titanium additions to alumi
num weld metal. However, the alumi
num-titanium system provides a peritec
tic on the aluminum-rich end; and in the 
right compositions range, there is the 
possibility that fluctuations in the titanium 
content could provide substantial under
cooling with the formation of the AI3Ti 
intermetallic compound (Ref. 11). 

A fundamental study of the nucleation 
mechanisms in Alloy 6061 weld metal has 
shown that heterogeneous nucleation is 
responsible for grain refinement (Refs. 5, 
6). Dendrite fragmentation and grain 
detachment mechanisms are considered 
to be impossible for the 6061 aluminum 
weld metal during gas tungsten arc weld
ing. 

The purpose of this study was to 
investigate the change in solidification 
structure of 1100 series aluminum alloy 
welds as a function of titanium and zirco
nium additions for grain refinement. Rela
tionships have been derived to show the 
influence of titanium and zirconium addi
tions on solidifcation structure, grain 
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refinement, and constitutional undercool
ing. Quantitative measurements of the 
influence of titanium and zirconium addi
tions on grain size and orientation, grain 
growth velocity, and the time for nucle
ation of new grains have been made. 
These data have then been used to 
develop a model that relates process 
instabilities, constitutional undercooling, 
and heterogeneous nucleation to explain 
the role of titanium and zirconium in the 
grain refinement of the aluminum alloy 
weld metal. 

Experimental Procedure 

The base metal consisted of 1100 alu
minum alloy plate with a thickness of 6.35 
mm (0.25 in.). The titanium and zirconium 
grain refiners were added to the weld 
metal by inserting master alloy strips into 
a machined slot on the surface of the 
plate, and melting the alloy by three 
passes of a gas tungsten arc welding 
torch in the DCEP polarity. The master 
alloy strips were prepared by making 
titanium and zirconium foil additions to 
1100 series aluminum. Ingots were cast in 
an inert atmosphere glove box, and the 
ingots were rolled to produce master 
alloy strips of the correct thickness. 

The chemical compositions of the 

Table 1—Chemical Analysis of Materials (wt-%) 

Material Si Fe Cu 

0.5 0.1 

0.4 

1100 alloy 
Titanium foil 
Zirconium foil 

0.06 
0.34 
0.82 

Zn 

0.001 

Ti 

99.66 

Zr 

I.72 

Al 

Bal. 

0.06 

materials used are given in Table 1, and 
the welding parameters for the GTA 
welds are given in Table 2. The composi
tion of the resulting weld deposit was 
determined by energy dispersive analysis 
on the scanning electron microscope. 

Experimental Results 

The influence of zirconium additions 
on the solidification structure of the 
fusion zone is illustrated by the longitudi
nal micrographs in Fig. 1 for zirconium 
weld metal additions of 0.00, 0.05 and 
0.23 wt-%. Figure 1A shows that without 
a grain refining zirconium addition, epi
taxial growth led to a coarse columnar 
structure in which the large columnar 
grains had grown most of the way across 
the weld deposit. The addition of 0.05 
wt-% zirconium to the weld metal refined 
the solidification microstructure as shown 
in Fig. 1B, and the addition of 0.23 wt-% 

Table 2—Gas Tungsten Arc Welding 
Parameters 

Travel Helium 
Pass Current Potential Speed Flow 
No. (A) (V) (mm/s) (rnVhr) 

1 
2 
3 

100 
100 
120 

22 
22 
21 

3.0 
3.0 
3.0 

1.13 
1.27 
1.56 

zirconium, shown in Fig. 1C, refines the 
structure to an even greater extent. A 
comparison of these figures also shows 
that zirconium additions to the weld met
al promoted extensive banding of the 
solidification structure. 

Quantitative analysis of the longitudinal 
sections can be used to provide data on 
the extent of grain refinement provided 
by the zirconium additions. The measures 

0.50 

0.30 

Fig. 2 — Columnar grain width as a function of weld metal zirconium 
content in 1100 aluminum weld metal. The value Y is the fractional 
distance from the fusion line to the top surface of the weld 

Fig. 1 — Macrostructure from longitudinal sections as a function of 
increasing zirconium addition to 1100 aluminum weld metal. A—Zr = 0 
wt-%, B-Zr = 0.05 wt-%, C-Zr = 0.23 wt-% 
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Fig. 3-Solidification direction as a function of the zirconium content in 
1100 aluminum weld metal. The value Y is the fractional distance from 
the fusion line to the top surface of the weld 

Fig. 4 —Solidification velocity as a function of the zirconium content in 
1100 aluminum weld metal. The value Y is the fractional distance from 
the fusion line to the top surface of the weld 

of structural ref inement include the w id th 
o f the co lumnar grains, the or ientat ion 
angle o f the grains w i t h respect t o the 
we ld ing d i rect ion, the solidif ication veloc
ity, and the average t ime for nucleat ion 
o f n e w grains. Figure 2 shows the co lum
nar grain w id th as a funct ion of the 
z i rconium concentrat ion at the fusion line 
and at ]A, V2 and % fract ional distances 
(Y) f r o m the fusion line t o the t o p surface 
o f the w e l d . 

W i t h o u t z i rconium addit ions, small 
grains w e r e obta ined near the fusion line 
as a result of epitaxial g r o w t h , but very 
large columnar grains w e r e obta ined at 
the midpo in t o f the w e l d and b e y o n d . 
Increasing z i rconium addit ions ref ined the 
structure near the fusion l ine, but the 

3.00 

2.50 

greatest degree o f grain ref inement took 
place b e t w e e n the quarter we ld thick
ness and the center l ine o f the w e l d . At a 
z i rconium level o f 0.23 w t -%, the co lum
nar grain w i d t h at the midpo in t o f the 
w e l d was reduced f r o m 0.375 to 0.094 
m m . Both the w id th and length o f the 
columnar grains w e r e reduced as a func
t ion o f increased z i rconium addit ions, as 
shown in Figs. 1B and 1C. 

Figure 3 shows the angle R b e t w e e n 
the g r o w t h d i rect ion of the columnar 
grains and the we ld ing direct ion as a 
funct ion o f z i rconium content and loca
t ion in the w e l d . The angle b e t w e e n the 
g r o w t h and we ld direct ions was reduced 
as the surface of the w e l d was ap
proached, and nucleat ion events p rov id 

ed n e w grains whose g r o w t h d i rect ion 
was more closely aligned w i t h the w e l d 
d i rect ion. Z i rconium addit ions w e r e 
observed to reduce the angle b e t w e e n 
the g r o w t h and w e l d direct ions at all 
locations in the w e l d . In the absence o f 
z i rconium, the columnar grains f o r m e d 
by epitaxial g r o w t h at the fusion line 
cont inued t o g r o w t o w a r d the t o p sur
face of the w e l d . 

The or ientat ion o f the columnar grains 
and the solidif ication veloci ty are re lated. 
M o r e specifically, if one makes the 
approx imat ion that the dendri tes are 
aligned w i t h the major axis of the grains, 
then as the g r o w t h di rect ion approaches 
the we ld ing di rect ion, the solidif ication 
veloci ty increases. This relationship can 
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Fig. 5-A -Nucleation time as a function of the zirconium content in 
1100 aluminum weld metal; B — schematic illustration of nucleation time 
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Fig. 6 — Weld metal microstructure as a function of increasing titanium 
additions in 1100 aluminum weld metal. A — Ti = 0.0 wt- %; B—Ti = 0.13 
wt-% 

0.05 0.I0 0.I5 0.20 0.25 0.30 

Titanium (w/o) 
Fig. 7 — Columnar grain width as a function of the titanium content in 
1100 aluminum weld metal. The value Y is the fractional distance from 
the fusion line to the top surface of the weld 

be expressed as fo l lows: 
R = V cos(9 (1) 

w h e r e R is the solidif ication veloci ty and 
V is the we ld ing veloci ty. Figure 4 shows 
the increase in solidif ication veloc i ty w i t h 
increasing z i rconium addit ions at the VA , 
Vi, and 3 / i w e l d thickness posit ions. The 
overal l inf luence o f the z i rconium addi
tions was to cause a decrease in the t ime 
available for the nucleat ion of n e w grains. 
Figure 5A shows the nucleat ion t ime of 
n e w grains and illustrates the decrease in 
nucleat ion t ime w i t h increasing z i rconium 
content . The nucleat ion t imes s h o w n o n 
this plot w e r e calculated by dividing the 

distance b e t w e e n nucleat ion events 
a long the co lumnar grain by the solidifica
t ion veloci ty, as shown in Fig. 5B. Not ice 
that the solidif ication rate and nucleat ion 
rate w e r e b o t h increased by the grain 
refiner. This suggests that a thorough 
understanding o f grain ref inement re
quires considerat ion of nucleat ion and 
g r o w t h as compet i t i ve processes. 

The inf luence o f t i tanium addit ions on 
w e l d metal microstructure was similar t o 
that of z i rconium, as s h o w n in Fig. 6. 
Figures 6A and 6B are pho tomacrographs 
taken along a longitudinal sect ion of a 
w e l d p roduced w i thou t t i tanium and w i t h 

a 0.13 w t - % t i tanium addi t ion, respect ive
ly. The t i tanium refines the solidif ication 
structure. Figures 7 to 10 show the 
columnar grain w id th , the or ientat ion 
angle fo r the columnar grains, the solidifi
cation veloci ty, and the nucleat ion t ime 
as funct ions o f the t i tanium content o f 
the w e l d metal . Compar isons of these 
data w i th Figs. 2 -5 show that these 
results we re qui te similar in features and 
magni tude to those ob ta ined by making 
z i rconium addit ions to the w e l d metal . It 
appears that z i rconium and t i tanium addi
tions based on w t -% are equivalent in 
their grain ref ining ability. 
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Fig. 8 — Solidification direction as a function of the titanium content in 
1100 aluminum weld metal. The value Y is the fractional distance from 
the fusion line to the top surface of the weld 
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Fig. 9 — Solidification velocity as a function of the titanium content in 
1100 aluminum weld metal. The value Y is the fractional distance from 
the fusion line to the top surface of the weld 
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Fig. 11- Solidification structure 
of 1100 aluminum weld metal 

with: A—0.07 wt-% titanium 
addition: B-0.19 wt-% 

titanium addition; C — 0.19 
wt-% titanium addition; 
D-0.26 wt-% titanium 
addition; E- 0.31 wt-% 

titanium addition 

In addition to the promotion of grain 
refinement, additions of titanium to alu
minum alloy welds promote a shift in the 
solidification structure from cells at high 
ratios of the thermal gradient to solidifica
tion velocity (G/R) toward equiaxed den
drites at low G/R ratios. Figure 11 shows 
by means of scanning electron micro
graphs of deep-etched weld metal the 
change in solidification structure from: A) 
cellular, B) cellular dendrites, to C) den
drites, to D) columnar dendrites, and 
finally to E) equiaxed dendrites when 
increasing amounts of titanium are added 
to the 1100 aluminum. Classification of 
the solidification mode as a function of 
the titanium concentration and the loca
tion in the weld (Y) is quantified in Fig. 12. 
These results emphasize that the struc
ture progresses from cellular toward 
equiaxed dendrites with increasing titani
um or with distance from the fusion line. 
Not only were titanium additions found 
to alter the character of the solidification 
substructure, but they also were found to 
refine the substructure, as shown in Fig. 
13. Here, the cell spacing is shown to 
decrease with increasing titanium con
tent. 

A commonly accepted view of solidifi
cation kinetics (Ref. 12) holds that the 
solidification mode can be classified by 
regions in a plot of percent solute versus 
the ratio G/(R)1/2, as shown schematically 
in Fig. 14. The data for the titanium welds 
of this study are classified in Fig. 15 
according to the scheme suggested by 
Fig. 14. The thermal gradients were calcu
lated using the equation of Katoh, et al. 
(Ref. 13), and the welding parameters 
given in Table 2. The results indicate that, 
in spite of the severe thermal gradients 
and rapid solidification rates present, 
these titanium-enriched 1100 aluminum 
weld metals can be analyzed in terms 
classically reserved for solidification of 
castings. 

Figures 16A and 16B are scanning elec
tron micrographs of aluminum-titanium 
welds that show banding and the nucle
ation of new aluminum dendrites immedi
ately after the band. Figures 17A and 17B 
are SEM micrographs that show a colum
nar dendrite nucleated on a TiAI3 particle 
and a micrograph of the same particle at 
higher magnification. Figures 18A and 18B 
are similar SEM micrographs that illustrate 
heterogeneous nucleation of an equiaxed 
dendrite on a T1AI3 particle. Table 3 
shows the energy dispersive analysis of 
the TiAb particles shown in Figs. 17 and 
18. Analysis of these micrographs sug
gests that one of the possible nucleation 
mechanisms providing grain refinement is 
associated with particles of the TiAI3 

phase. 

284-s|JULY 1989 



0 .30 

0 .25 

0.20 

0.15 

0.10 

0.05 " 

0.0 

Equiaxed Dendrite 
0 0 

o 
Cell 

25 5 0 75 

Weld Pool Locotion, Y (%) 

100 
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Discussion 

Several possible explanations are avail
able for the weld metal microstructural 
refinement caused by zirconium and tita
nium additions. The following discussion 
will consider the evidence for the possi
bilities as provided by optical metallogra
phy, scanning electron metallography, 
and energy dispersive spectrum (EDS) 
analysis of compositions on a micro
scopic scale. 

Crystal Fragmentation 

The weld metal microstructures were 
examined by scanning electron micro

scopy for dendrite fragmentation. The 
surfaces of welds containing titanium 
were deeply etched using a solution con
taining 6 mL HF, 25 mL HNO3, and 78 mL 
HCI. The surfaces were not subjected to 
deformation, grinding or polishing in 
order to avoid the mechanical formation 
of dendrite fragments. After deep etch
ing, the specimens were examined in the 
scanning electron microscope, and a vari
ety of dendrite fragments were found. 
Figures 19 to 21 show SEM micrographs 
of dendrite fragments on the surface of a 
weld containing 0.265 wt-% titanium. The 
dendrite fragments in Figs. 19 and 20 
were clearly present during the solidifica
tion process, but they do not appear to 

have grown so as to control the weld 
metal grain structure. Figure 21 shows 
some evidence that growth in the direc
tion of the thermal gradient has caused 
the dendrite fragments to bend; howev
er, fragments were few in number, and 
no correlation between the number of 
fragments and the final grain size could 
be made. 

The phenomenon of dendrite frag
mentation is well known in the solidifica
tion of castings and ingots (Ref. 14). Based 
on the microstructures observed for the 
welds in the present study, however, it is 
doubtful that a sufficient number of den
drite fragments survived or continued 
growth for a dendrite fragmentation 

Fig. 16—Solidification substructure at solute bending in 1100 aluminum weld metal with 0.26 wt-% titanium. A -Surface section; B — longitudinal 
section 

- Columar dendrite originating from a tiAl3 particle in 1100 aluminum weld metal with 0.31 wt-% titanium 

Fig. 18 —Equiaxed dendrite originating from a T1AI3 particle in titanium microalloyed 1100 aluminum weld metal 
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Fig. 19-Dendrite fragmentation on the surface of a weld with 0.26 Fig. 
wt-% titanium (near to the center of the weld) wt-

20 —Dendrite fragmentation on the surface of a weld with 0.26 
'{, titanium (at a solute band) in 1100 aluminum weld metal 

model to control refinement of the solid
ification structure. Therefore, the in
crease in grain refinement with increasing 
titanium or zirconium additions suggests 
that titanium and zirconium promoted 
heterogeneous nucleation of new 
grains. 

Heterogeneous Nucleation of New Grains 

The fact that additions of titanium or 
zirconium promote refinement of cellular 
or dendritic weld metal structures implies 
their involvement in the nucleation pro
cess. Classical nucleation and growth the
ories may be modified and applied to the 
weld pool (Refs. 10, 15) by introducing 
two competing times. Consider the time, 
tn, to nucleate one grain: 

r+16rr3Tm
2Vs

2 f (^)- | 
— exp — 
V 3AH2AT2kT J 

(2) 

where AH is the degree of undercooling; 
Tm is the melting temperature; k is Boltz-
mann's constant; Vs is the atomic volume 
of solid; V is a volume element in the 
weld pool that can be assumed to be a 
unit volume; i(0) is the function of contact 
angle, and Q is a constant. 

Secondly, consider the time, tg, for an 
epitaxial grain to grow across the total 
depth of a weld bead: 

te=7 
KSAT 

(3) 

where X0 is the bead depth and Ks is the 
solidification rate constant. 

Figure 22 shows a schematic illustration 
of the effects of the nucleation and 
growth rates on refinement of the solidi
fication structure (Ref. 10). The plot 
shows the time for growth of the colum
nar grain across the weld bead (tg) and 
the average time for a nucleation event 
to occur (tn) plotted as a function of the 
thermal undercooling at the solidification 
interface (AT). At undercoolings (ATW) 
less than the critical undercooling (ATC), 
the columnar grain grows across the 
weld before nucleation occurs, and a 
coarse solidification structure results. At 

Table 3 -

Number 

1 
2 

-EDS Data for 1100 Aluminum Weld Metal with 0.31 wt-% 

% Al 

64.48 
60.47 

% Ti 

33.97 
31.64 

% Si 

0 
0 

% Fe 

0 
6.14 

Titanium 

Location Analyzed 

Center in Fig. 
Center in Fig. 

17 
18 

undercoolings greater than the critical 
undercooling (ATC), nucleation occurs 
before the columnar grain can grow 
across the weld, and the result is the 
refinement of the weld solidification 
structure. If this mechanism is valid, then 
titanium or zirconium additions may be 
assumed to alter the critical undercooling, 
thereby reducing the average time for 
heterogeneous nucleation more than 
they decrease the time required for a 
grain to grow across the weld bead. 

The mechanism by which titanium or 
zirconium influence the nucleation of 
new grains can involve constitutional 
undercooling ahead of the solid/liquid 
interface, and the development of mac
rosegregation in the form of banding 
caused by process transients and instabil
ities in the heat flow. Consider the binary 
phase diagrams for simple eutectic and 
peritectic systems. For any eutectic sys
tem, the equilibrium partition ratio is less 
than one, and the composition of any 
hypoeutectic solid is lower than the liquid 
composition at the solid/liquid interface. 

The lack of solid diffusion leaves a de
pleted solute concentration of the first 
solid to form (dendrite centerline). In a 
peritectic system, on the other hand, the 
equilibrium partition ratio greater than 1.0 
causes solute enrichment at the dendrite 
centerline and solute depletion in the last 
interdendritic liquid to solidify. 

The aluminum-titanium and aluminum-
zirconium binary phase diagrams both 
contain peritectic invariant reactions. The 
expanded aluminum-rich end of the alu
minum-titanium phase diagram is shown 
in Fig. 23 (Ref. 11). The peritectic temper
ature is 938 K. At this temperature, the 
liquid (0.15 wt-% Ti) and the intermetallic 
compound TiA^ react to form an alumi
num solid solution with a composition of 
1.08 wt-% titanium. An alloy with less 
than 0.15 wt-% titanium will solidify to 
form titanium-enriched aluminum den
drites, and the titanium concentration in 
the interdendritic liquid will decrease with 
increasing depth in the mushy zone. An 
alloy with greater than 0.15 wt-% titani
um will form the TTAI3 primary phase 

Fig. 21-Crystal 
distortion and 
fragmentation in 
weld metal 

WELDING RESEARCH SUPPLEMENT I 287-s 



TIME 

AT 

- time to grow ocoss the beod 

• nucleation of one grain 

Al Ti 

Al 
0.2 0.4 0.6 0.8 1.0 

Titanium (w/o) 
37.2 

Fig. 22 — Time to nucleate a new grain and time to grow across the weld 
bead as a function ot undercooling during weld metal solidification 

Fig. 23 — Expanded aluminum-rich end of the aluminum-titanium binary 
phase diagram (Ref. 11) 

above the peritectic temperature (Ref. 
16). Under equilibrium conditions, the 
TiAI3 will react with the liquid at the 
peritectic temperature to form the alumi
num phase. However, under the condi
tions expected for weld solidification, the 
TiAI3 particles probably act as nucleation 
sites for the aluminum phase, and 
become surrounded by aluminum such 
that the equilibrium peritectic reaction is 
prevented. It is known that TiAI3 is a 
potent nucleant for aluminum grain refin
ing (Ref. 17). The aluminum alloys investi
gated in this study have titanium additions 
varying from 0.07 to 0.31 wt-%. Impuri
ties such as iron and silicon should 
decrease the titanium concentration 
required for the formation of TiAh from 
the melt. With the addition of ternary or 
quaternary components to the system, 
titanium concentrations as low as 0.07 
wt-% may produce the few TiAh particles 
necessary for nucleation of new alumi
num grains, thereby accomplishing grain 
refinement of the weld metal. 

The nucleation events in the present 
experiments occurred in bands that cor
related with the banding type macrose
gregation caused by thermal instabilities 
in the welding process (Refs. 18-20). This 
suggests that the thermal instabilities 
cause compositional fluctuations in the 
liquid within the peritectic region. Figure 
23 illustrates that a small compositional 
fluctuation within the peritectic region 
can cause a very substantial undercool
ing. This leads to the nucleation of T1AI3 

particles, and these particles cause the 
nucleation of new aluminum dendrites. 

Conclusions 

1) Additions of zirconium up to 0.23 
wt-% and of titanium up to 0.26 wt-% 
have been shown to siginficantly refine 
the grain size of 1100 aluminum gas 
tungsten arc weld metal. 

2) Zirconium and titanium additions to 
1100 aluminum GTA weld metal increase 
the solidification velocity and decrease 
the grain nucleation time. 

3) While dendrite fragmentation was 
observed near the free surface of titani
um- or zirconium-enriched 1100 alumi
num welds, insufficient evidence of frag
mentation was found to account for the 
grain refinement observed. 

4) Dendrite nucleation was found to 
be correlated with solute banding and 
with TiAI3 particles in titanium-enriched 
1100 aluminum weld metal. Consequent
ly, a qualitative model was proposed to 
explain grain refinement. This model sug
gests that enhanced constitutional super
cooling, coupled with compositional 
banding, leads to nonequilibrium precipi
tation of T1AI3 nucleants. 

5) Solidification modes have been clas
sified for titanium-enriched 1100 alumi
num GTA weld metals, and the modes 
have been shown to be consistent with 
commonly accepted concepts of solidifi
cation theory. 
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WRC Bulletin 330 
January 1988 

This Bulletin contains two reports covering the properties of several constructional-steel weldments 
prepared with different welding procedures. 

The Fracture Behavior of A588 Grade A and A572 Grade 50 Weldments 
By C. V. Robino, R. Varughese, A. W. Pense and R. C. Dias 

An experimental study was conducted on ASTM A588 Grade A and ASTM A572 Grade 50 microalloyed 
steels submerged arc welded with Linde 40B weld metal to determine the fracture properties of base 
plates, weld metal and heat-affected zones. The effects of plate, orientation, heat treatment, heat input, 
and postweld heat treatments on heat-affected zone toughness were included in the investigation. 

Effects of Long-Time Postweld Heat Treatment on the Properties of Constructional-Steel Weldments 
By P. J. Konkol 

To aid steel users in the selection of steel grades and fabrication procedures for structures subject to 
PWHT, seven representative carbon and high-strength low-alloy plate steels were welded by shielded 
metal arc welding and by submerged arc welding. The weldments were PWHT for various times up to 100 
h at 1100°F (593°C) and 1200°F (649°C). The mechanical properties of the weldments were 
determined by means of base-metal tension tests, transverse-weld tension tests, HAZ hardness tests, 
and Charpy V-notch (CVN) impact tests of the base metal, HAZ and weld metal. 

Publication of these reports was sponsored by the Subcommittee on Thermal and Mechanical Effects 
on Materials of the Welding Research Council. The price of WRC Bulletin 330 is $20.00 per copy, plus 
$5.00 for postage and handling. Orders should be sent with payment to the Welding Research Council, 
345 E. 47th St., Suite 1301, New York, NY 10017. 

WRC Bulletin 342 
April 1989 

Stainless Steel Weld Metal: Prediction of Ferrite Content 
By C. N. McCowan, T. A. Siewert and D. L. Olson 

A new diagram to predict the ferrite number (FN) in stainless steel welds is proposed in this Bulletin. 
The diagram has a range from 0 to 100 FN and more accurately predicts the ferrite content for welds 
having a FN less than 18. The database contains over 950 welds and is included as an appendix to the 
report. 

Publication of this report was sponsored by the Subcommittee on Welding Stainless Steel of the High 
Alloys Committee of the Welding Research Council. The price of WRC Bulletin 342 is $20.00 per copy, 
plus $5.00 for postage and handling. Orders should be sent with payment to the Welding Research 
Council, Room 1301, 345 E. 47th St., New York, NY 10017. 
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