
Effect of Forced Gas Cooling 
on GTA Weld Pools 

Forced convective cooling refines the weld metal 
macrostructure by changing the weld-pool geometry 

BY M. E. WELLS AND W. E. LUKENS 

ABSTRACT. A method has been devel
oped to apply forced convection heat 
transfer by gas jet impingement to weld 
metals deposited by the GTAW process 
at heat inputs in excess of 100 kj/ in. (4 
k|/mm). The method involves the use of 
multiple gas jets directed at the surface of 
the weld pool to increase convective 
heat transfer, i.e., forced convective 
cooling. 

Autogenous bead-on-plate welds 
were made in a titanium alloy with and 
without forced convective cooling. All 
welding variables were maintained con
stant; only the introduction of the cooling 
gas during welding was different. The 
weld pool geometry, temperature distri
butions, macrostructure and microstruc
ture of the welds were evaluated. 

The results of visual and macrostruc
tural observations indicate that forced 
convective cooling forms a refined weld 
metal macrostructure through control of 
the weld pool geometry. In addition to 
grain refinement, forced convective cool
ing modifies the shape of the weld bead. 
The depth-to-width ratio of the weld 
bead increases and the width of the weld 
HAZ decreases. The results of tempera
ture measurements indicate that forced 
convective cooling increases the weld 
metal cooling rate. By increasing the cool
ing rate, the time at transformation is 
suppressed and a finer weld metal micro-
structure is produced. Additionally, the 
weld pool surface temperature de
creases and thermal gradients near the 
solid-liquid interface also decrease. 

Introduction 

Background 

High heat input welding processes 
offer the potential of significant advances 
in welding efficiency by reducing the 
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number of welding passes and between-
pass mechanical cleaning. It is estimated 
that a fifty percent decrease in welding 
costs can be achieved by utilization of 
higher heat input values and deposition 
rates (Ref. 1). However, the solidification 
structure of the fusion zone is influenced 
by the magnitude and duration of the 
weld thermal cycle (Refs. 2, 3). High heat 
inputs into the fusion zone and corre
sponding slow cooling rates result in 
increased solidification times for grain 
growth. As the weld solidification struc
ture coarsens and various segregation 
mechanisms have time to to develop, the 
strength, toughness, and ductility of the 
weld deposit decreases (Refs. 2, 3). As a 
result, limitations on heat input are includ
ed in the process specifications of weld
able alloys used in ship construction (Ref. 
4). By developing a method to control the 
solidification structure of high heat input 
welds, it should be possible to reduce the 
labor costs of welding and improve the 
mechanical properties and fracture resis
tance of the weld metal deposit. 

Control of the weld solidification struc
ture has been attempted often in both 
ferrous and nonferrous alloys. Methods 
employed to date have fallen into either 
one of the two general categories of 
inoculation or dendrite fragmentation. 
Inoculation normally involves the intro
duction of minute quantities of high melt
ing point particles into the trailing edge of 
the weld pool to act as nucleation sites 
for grain growth. Dendrite fragmentation 
resulting from electromagnetic stirring, 
arc oscillation, torch vibration or combi
nations of these involves the mechanical 
detachment of dendrite tips or the melt
ing off of secondary dendrite arms to 
serve as nucleation points for new grains 
to grow. A review of these methods 
(Refs. 5-8) has shown that solidification 
control of high heat input welds is much 
more difficult due to the high tempera
tures and thermal gradients found in the 
weld pools-values of 1900°F/in. 
(41°C/mm) and above are reported in 

the literature (Ref. 5). For inoculation, high 
inoculant levels are required to generate 
sufficient cooling at the solid-liquid inter
face to protect the particles from melting. 
Although extensive grain refinement has 
been obtained using TiC, TiB2 and TiC/ 
Fe-Ti mixtures in mild steel (Ref. 6), and 
yttrium in titanium (Ref. 7), the loss of 
fracture toughness due to grain boundary 
embrittlement has limited the usefulness 
of this approach for high heat input 
processes. For dendrite fragmentation, 
high thermal gradients reduce the extent 
of supercooling, limiting dendrite tip 
growth, and fragments which are 
removed and swept into the bulk of the 
weld pool would most probably be 
remelted (Ref. 8). 

An alternative approach investigated in 
this study involves the use of multiple gas 
jets directed at the surface of the weld 
pool to increase convective heat transfer, 
i.e., forced convective cooling. Relatively 
large heat transfer coefficients have been 
obtained by multiple gas jets impinging 
on a solid surface (Fig. 1), while providing 
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Fig. 1 — Two alternative types of impinging jets 
commonly used in industry for cooling and 
heating of moving components. A —Array of 
round jets in thin plate; B —Array of parallel 
slot jets with bell-shaped inlets 
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a high degree of control of the surface 
heat transfer rate and distribution (Refs. 
9-12). For the case of welding, increasing 
convective heat transfer is expected to 
extract heat quickly from the weld pool, 
providing temperature conditions more 
favorable for equiaxed grain growth. 
Additionally, enhanced cooling by jet 
impingement may reduce the time at 
transformation temperature and the time 
to cool to values more characteristic of 
lower heat input welds. 

Although brief applications of forced 
convection heat transfer have been per
formed on aluminum weldments (Refs. 5, 
13, 14), no studies have been performed 
on forced convective cooling of high 
heat input welds in any other alloy or on 
the metallurgical improvements that may 
result. The objective of this investigation 
is the application and evaluation of the 
effects of forced convection heat trans
fer on weld metals deposited by high 
heat input (>100 kj/in., or 4 kj/mm) 
welding processes. In this work, the tem
perature conditions in high heat input 
welds are examined, and the potential for 
weld modifications by forced convective 
cooling is discussed. 

Weld Pool Solidification 

Within and around the weld pool are a 
series of isotherms. One of these iso
therms is the effective liquidus tempera
ture of the alloy and corresponds to the 
weld pool/base metal interface. It is at 
this interface that solidification begins 
with the solid phase growing off of the 
partially melted base metal grains. This 
type of growth is referred to as epitaxial 
growth and is well documented in the 
welding literature (Refs. 3, 5, 15). The 
initial growth of partially melted grains in 
the base metal is usually followed by a 
period of columnar grain development 
which dominates the remainder of weld 
pool solidification. As the columnar grains 
grow into the fusion zone, their actual 
shape and size is determined by "competi
tive growth" (Ref. 3). This process de
pends on the geometry of the weld pool, 
as shown in Fig. 2. Grains growing in 

certain directions parallel to the maximum 
thermal gradient have a competitive 
advantage over less favorably oriented 
grains. This difference in columnar grain 
development for tear-shaped and elliptical 
weld pools has been demonstrated exper
imentally in several studies (Refs. 16, 17). 
The welding process determines how heat 
is introduced in the weld zone, and 
therefore the weld pool geometry. 

The columnar structure may be cellular 
or dendritic, depending on the solidifica
tion conditions. Briefly, the mechanism of 
solidification is as follows. In most alloy 
systems, the solid is leaner in solute than 
the liquid in equilibrium with it, and as the 
weld metal cools through the solidifica
tion range, solute is rejected at the solid-
liquid interface. Because the freezing pro
cess is so rapid that diffusional processes 
cannot effectively remove the excess 
solute, solute enrichment occurs at the 
solid-liquid interface until a dynamic equi
librium is reached (Ref. 16). The resulting 
dynamic equilibrium provides an excess 
of solute in the liquid near the interface, 
with the solute content decreasing to the 
nominal liquid composition at some dis
tance from the interface — Fig. 3A. The 
concentration of the solute in the liquid at 
a distance x ahead of the interface is 
given by (Ref. 18) 

Cf - C 0 I 
1 - k 0 

1 -I — exp 

(-*")] 
(1) 

where C$ = concentration in 
liquid at a point x 
ahead of the interface 

C0 = composition of the alloy 
k0 = ratio of solute 

concentrations 
in solid and liquid 

R = solidification rate 
D-i = diffusion coefficient 

in the liquid 
x = distance ahead of 

interface 

The effective liquidus temperature, Te, 
is dependent on solute concentration in 

Fig. 2-Influence of weld pool geometry on 
solidification macrostructure. A — Columnar 
grain development in a tear-shaped weld pool. 
Arrows show the almost invariant direction of 
the maximum thermal gradient, resulting in 
early elimination of unfavorably oriented 
grains; B - Columnar grain development in an 
elliptical weld pool. Progressive change in 
direction of the maximum thermal gradient is 
reflected in the survival of many more colum
nar grains 

the liquid (Ref. 18). As the liquid is 
enriched due to rejection of solute at the 
solid-liquid interface, the effective liquid
us temperature decreases ahead of the 
advancing interface. The effective liquid
us temperature ahead of the interface is 
shown schematically in Fig. 3B and is 
given by 

Te = T0 - n i Q (2) 

where T0 = equilibrium melting point 
of the pure metal 

m = slope of the liquidus line 
in the phase diagram 

For any point x ahead of the interface, 
the effective liquidus temperature can be 
obtained by substituting Equation 1 into 2 
and obtaining 

TP = T0 — mC0 

1 + exp (-£-)] (3) 

where Te = effective liquidus tempera
ture 

The actual temperature, T, at any point in 
the liquid is given by 

L IQUID 

SOLID DISTANCE INTO LIQUID 

SUPERCOOLED 
REGION 

Fig. 3—Solute redistributions leading to constitutional supercooling. A — Distribution of solute in liquid; B — Constitutional supercooling 
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Table 1—Welding 

Identification 

Control 
Convective 

cooling 

Variables for 

Welding 
Current 

(amperes) 

640 
640 

Bead-on-

Arc 
Voltage 
(volts) 

15 
15 

Plate Welds 

Travel 
Speed 
(ipm) 

5 
5 

Torch 
Gas 

(scfh) 

60 He 
60 He 

Convective 
Cooling Gas 

(scfh) 

0 
200 He 

Heat Input 
(Id/in.) 

115 
115 

CELLULAR 

Fig. 4 — Effect of thermal gradient and solidifi
cation rate on solidification morphology 

T = V 
mC0 

+ G-\X 
(4) 

where T = actual temperature at a 
point x ahead of 
the interface 

G ^ thermal gradient 
in the liquid 

The region within which the actual 
temperature is less than the effective 
liquidus temperature is said to experience 
constitutional supercooling, as shown in 
Fig. 3B. If the degree of supercooling is 
small, a cellular structure results. A great
er degree of supercooling gives rise to a 
dendritic growth mode. 

The extent of constitutional supercool
ing in a given alloy depends on the 
thermal gradient, G i and the solidifica
tion rate, R, in the liquid (Ref. 16). Tiller 
and Rutter (Ref. 19) have summarized the 
influence of these factors on the mode of 

solidification in the manner shown in Fig. 
4. High thermal gradients and slow solidi
fication rates favor cellular growth. Low 
values of G1/(R)' / i indicate an increased 
tendency for constitutional supercooling 
and a dendritic mode of solidification. For 
a given solidification rate and material 
composition, the solidification morpholo
gy is influenced primarily by the thermal 
gradient in the weld pool. Thus, the 
theoretical basis for the production of an 
equiaxed weld structure is to reduce the 
thermal gradient to low enough values to 
allow heterogeneous nuclei to develop 
and grow. 

Approach 

It was noted during the literature sur
vey that there were no studies on forced 
convection by jet impingement of weld 
metals deposited by high heat input 
welding processes. Therefore, the initial 
efforts focused on a heat transfer analysis 
to maximize convective cooling at the 
surface of large weld pools. Included in 
the analysis were the cooling gas (helium) 
and the number, size, shape and spacing 
dimensions of gas jet orifices. From the 
heat transfer analysis, a jet impingement 
plate was prepared by machining a 5 X 7 
array of 0.060-in. (1.52-mm) diameter 
holes with a center-to-center hole spac-

WATER IN-

INERT 
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JET PLENUM-

I M P I N G E M E N T . 
PLATE 

•*- WATER OUT 

tt tr ff t* tt 
A A A A A 

TORCH 

WELD POOL 

TRAVEL 
DIRECTION 

Fig. 5 —Device for forced convective cooling of weld pools 

ing of 0.25 in. (6.35 mm) in a 
1 X 2 X 0.03-in. (25.4 X 50.8 X 0.76-
mm) copper sheet. The upstream edges 
of each gas orifice were slightly rounded 
to avoid vena contracta convergence 
downstream of the jet array. A special 
device was constructed to apply forced 
convective cooling during in-process 
welding-Fig. 5. The device consisted of 
a copper tube to supply gas to the jet 
plenum, an outer copper enclosure with 
provisions for water cooling, an inner jet 
plenum containing a baffle and screen to 
ensure even distribution of the gas and 
the jet impingement plate. The device 
was attached to the rear of a GTAW 
torch so that multiple gas jets would 
impinge perpendicular to the surface of 
the weld pool. 

Experimental Procedures 

The plate material used in this study 
was titanium alloy Ti-6AI-4V of 1-in. (25.4-
mm) thickness. Prior to welding, the plate 
surfaces were degreased with acetone 
and rotary wire brushed. Using the weld
ing variables in Table 1, autogenous 
bead-on-plate welds were produced by 
the automatic gas tungsten arc process at 
a heat input of 115 kj/ in. (4.5 kj/mm). All 
welding variables were maintained con
stant; only the introduction of the con
vective cooling gas during welding was 
different. 

Visual observations of the arc-shape 
and weld-pool geometry during welding 
were made via a weld-pool viewing sys
tem. The system consisted of a fiber optic 
device attached to the welding torch, 
appropriate filters, camera and video cas
sette recorder. 

Temperature distributions in the weld 
pool were measured using tungsten, 5% 
rhenium/tungsten, 26% rhenium thermo
couples. The thermocouple ends were 
dipped by hand into the center of the 
weld pool and held stationary until frozen 
into the advancing solidification front. 
Additional welds were produced in 
which the thermocouples were plunged 
in the weld pool to measure weld metal 
cooling rate. For all temperature mea
surements, the thermoelectromotive 
force was recorded on a fast response 
chart recorder. 

Weld bead shape and HAZ width 
were characterized using light microsco
py. Quantitative metallography was used 
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Fig. 6 — Cas tungsten arc shape and weld-pool geometry. A — Control; B — Convective cooling 

to characterize the columnar grain size of 
the weld macrostructure and alpha plate
let size of the weld microstructure. 

Results 

Arc Shape and Weld-Pool Geometry 

The shape of the welding arc and 
weld-pool geometry during fabrication of 
the bead-on-plate welds is shown in Fig. 
6. For welds produced without convec
tive cooling, the welding arc was large 
and diffuse, assuming an approximately 
conical shape (Fig. 6A) typical of the 
GTAW process (Ref. 2). With the intro
duction of convective cooling, the weld
ing arc was collimated and focused on a 
smaller area of the base plate. The shape 
of the arc was cylindrical near the tip of 
the tungsten electrode, changing to a 
smaller conical shape at the surface of the 
weld pool —Fig. 6B. Gas jet impingement 
on the trailing edge of the weld pool 
caused a change in weld pool geometry 
from tear-shaped (Fig. 6A) to elliptical (Fig. 
6B), as seen on the weld-pool surface. 

Temperature Distributions 

A typical thermocouple trace is shown 
in Fig. 7. In welds where the thermocou
ple was dragged from a control weld 
pool into a convectively cooled weld 
pool, a decrease in peak surface temper
ature of approximately 140°F (60°C) was 
observed. In the liquid zone near the 
solid-liquid interface, forced convective 
cooling reduced the thermal gradient 
from 2200°F/in. (47°C/mm) to 1900°F/ 
in. (41°C/mm). The effect of this reduc
tion on constitutional supercooling is 
shown in Fig. 8. The effective liquidus 
temperature for Ti-6AI was calculated 
using Equation 3. The actual temperature 
ahead of the solid-liquid interface is also 
shown in Fig. 8 and was calculated using 
Equation 4 and the measured thermal 
gradients. By comparing the gradient of 
Te with that of T, it can be seen that 
forced convective cooling increases the 
maximum length of the supercooled 
region from 0.005 in. (0.127 mm) to 0.007 
in. (0.178 mm). 

The thermal cycles in the solid zone are 
shown as a function of time in Fig. 9. For 
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titanium, the temperature of interest is 
the start of the beta to alpha phase 
transformation, approximately 1600°F 
(871°C). At this temperature, forced con
vective cooling increases the solid-state 
cooling rate from 19°F/s (11°C/s) to 
96°F/s (53°C/s). Figure 10 shows the 
continuous cooling transformation dia
gram developed previously for Ti-6Al-4V 
(Ref. 20). This diagram describes the beta 
to alpha decomposition kinetics. Super
position of the weld metal cooling rates 
measured in this study on the CCT dia
gram shows that the time for nucleation 
and growth of the alpha phase and the 
time to cool (to 1000°F (538°C)) are 
reduced with convective cooling. These 
results are presented in Table 2. Data for 
titanium welds fabricated at various heat 
inputs are also provided for comparison 
purposes (Ref. 21). 

Bead Shape and Grain Size 

Visual examination of the welds 
showed good weld bead contour with 
no indications of undercut from gas jet 
impingement. Forced convective cooling 
did modify the shape of the fusion zone 
(Fig. 11), increasing the depth of penetra-

o 1 
DISTANCE FROM SOLIDUS, in. 

DISTANCE. INalO 

Fig. 7 — Temperature distribution for CTA weld pool 
Fig. 8 —Effect of thermal gradients on constitu
tional supercooling 
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Fig. 10-Cooling curves for GTA weld, superimposed on CCT diagram for TI-6AI-4V (Refs 20 
21) 

tion and decreasing the width of the 
weld. The width of the weld HAZ was 
also reduced with convective cooling. 
This information is provided in Table 3. 

Bead-on-plate welds produced with
out convective cooling exhibited a coarse 
columnar macrostructure, characteristic 
of high heat input welds (Ref. 2). Large 
single grains were observed to complete
ly traverse the transverse fusion zone 
thickness —Fig. 11 A. With the introduc
tion of convective cooling, a predomi
nantly equiaxed transverse macrostruc
ture was obtained — Fig. 11B. This refine
ment extended through the depth of the 
fusion zone. Quantitative metallographic 
measurements of the weld macrostruc
ture are provided in Table 4. The colum
nar grain size, as measured by the area, 
perimeter or diameter of columnar grains 
in the transverse (TS plane) cross-sections 
of Fig. 11, was reduced by a factor of 2 to 
3 with convective cooling. Measurement 
of the columnar grains parallel to the 
welding direction (LT and LS planes) 
showed a slightly smaller reduction in 
columnar grain size with convective cool
ing. The macrostructure of the convec-
tively cooled welds parallel to the weld
ing direction (Fig. 12) exhibited a curved 
columnar structure, which is consistent 
with columnar grain development in an 
elliptically shaped weld pool (Refs. 5, 6). 

Quantitative metallographic measure
ments of the alpha platelet size are pro
vided in Table 5. Bead-on-plate welds 
produced with convective cooling to 
enhance cooling rate had a smaller alpha 
platelet size than the welds produced 
without convective cooling. 

Discussion 

From the literature review it was 
apparent that the temperature conditions 
in the weld pool exert a considerable 
influence on the resultant solidification 
structure. The method developed to 
apply forced convective cooling to large 
weld pools was expected to provide 
temperature conditions more favorable 

1 : - H r r - l ^ ^ • jiV > . ' • Jaaaf • <t\,JP' - '%• .* 

Fig. 11 — Photomacrographs showing weld macrostructure (TS plane). A —Control bead-on-plate weld; B — Convectively cooled bead-on-plate 
weld 
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for equiaxed growth by accelerating con
vective heat losses at the surface of the 
weld pool. The results of Fig. 8 show that 
the degree of supercooling ahead of the 
solid-liquid interface is increased as a 
result of the reduction in thermal gradi
ents obtained with gas impingement. 
However, the maximum increase in the 
length of the supercooled region is so 
small (0.002 in./0.051 mm) that a colum-
nar-to-equiaxed growth transition, as 
illustrated in Fig. 4, would not be ex
pected. 

Although forced convective cooling 
did not produce grain refinement by 
nucleation and growth, the method does 
form a refined weld metal macrostruc
ture. Refinement is achieved by a change 
in weld pool geometry (Fig. 6) caused by 
gas impingement on the trailing edge of 
the weld pool. This change in pool shape 
ensures the survival of many more 
columnar grains (Fig. 11) and was effec
tive in reducing the transverse columnar 
grain size by a factor of 2 to 3. In addition 
to a reduced grain size, forced convec
tive cooling modified the shape of the 
bead-Fig. 11. Observations of the plas
ma arc during welding indicate that the 
change in bead shape is the result of arc 
constriction by jet impingement adjacent 
to the welding torch. The focused arc 
reduced the width of the weld pool (Fig. 
6) and is believed to be responsible for 
the increase in the depth of penetration. 
Higher current densities and arc energy 
concentrations from plasma arc constric
tion (i.e. plasma arc welding) have been 
shown to produce higher depth-to-width 
ratios in a weld (Ref. 2), as was observed 
with convective cooling —Table 3. 

The size of the alpha platelets in the 
weld microstructure is dependent on the 
continuous cooling transformation char
acteristics of the Ti-6AI-4V alloy and the 
weld metal cooling rate (Ref. 15). For 
bead-on-plate welds produced with jet 
impingement to enhance cooling rate, 

Table 2—Transformation and Cooling Times from CCT Diagram 

Identification 

Control 
Convective cooling 

A(a) 

B ( , . . 
C<a> 
D(a) 

"'See Ref. 21. 

Table 3—Bead Shape 

Identification 

Control 
Convective cooling 

Heat Input 
(kj/in.) 

115 
115 
156 
94 
bl 
29 

Cooling Rate 
(1600°F) 

(°F/s) 

19 
95 

5 
2S 
39 
65 

and HAZ Width of GTAW Welds 

Depth o 
3enetration Weld Width 

(in.) 

0.500 
0.625 

(in.) 

1.125 
0.970 

Table 4—Columnar Grain Size of Weld Macrostructure 

Identification 

Control 
Convective 

cooling 
Control 
Convective 

cooling 
Control 
Convective 

cooling 

Plane 

TS 
TS 

LT 
LT 

LS 
LS 

Area 
(in.2 X 10"3) 

9.3 
2.8 

4.6 
2.2 

2.8 
1.3 

Table 5—Alpha Platelet Size of Weld Microstructure**' 

Identification 

Control 
Convective cooling 

Plane (in. 

TS 
TS 

Area Length 
1 X 10"8) (in. X 10" 

0.9 2.0 
0.4 1.6 

"ransformation 
Time 

(s) 

11 
2 

>i 

10 
4 
2 

D / W 
Ratio 

1:2.25 
1:1.6 

Perimeter 
(in. 

-.1) 

X 10'1) 

4.4 
2.2 

3.1 
2.1 

2.6 
1.6 

Width 
(in. X 10"4) 

0.6 
0.4 

Time to Cool 
(2000° to 
1000°F) 

(s) 

100 
13 

185 
90 
30 
18 

HAZ Width 
(in.) 

0.125 
0.062 

Diameter 
(in. X IO"1) 

1.7 
0.8 

1.0 
0.7 

0.9 
0.5 

ASTM 
Grain Size 

14 
15 

<a)Measurements taken at depth of 1/16 in. below surface. 
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Fig. 12 — Photomacrographs showing weld macrostructure (L Tplane). A — Control bead-on-plate; B — Convectively cooled bead-on-plate weld. Note 
curved columnar grain development 
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Fig. 13-Charpy impact data for HSLA-80 GTAW autogenous welds (Ref. 22) 

the t ime for nucleat ion and g r o w t h of the 
alpha phase is suppressed —Table 2. For 
this reason, the alpha platelets are nar
r o w e r and shorter —Table 5. It should be 
no ted that a smaller columnar grain size, 
as obta ined w i t h convect ive cool ing, wi l l 
also m o v e the CCT curve to shorter 
times (Ref. 3). H o w e v e r , it was not possi
ble t o separate the effects o f these t w o 
factors (smaller grain size and accelerated 
cooling) o n t ransformat ion t ime. 

Many alloys are cool ing rate sensitive 
and the rate at wh i ch the we ld metal 
cools can have a significant ef fect o n 
we ldmen t propert ies (Ref. 2). As s h o w n 
in Table 2, the t ransformat ion cool ing 
rate achieved w i t h convect ive cool ing at 
a heat input o f 115 k j / i n . (4.5 k j / m m ) is 
comparable to heat input levels of 2 0 - 4 0 
k | / in . (0.8-1.6 k ) / m m ) w i t hou t convec
t ive cool ing. In considerat ion of these 
factors, the results o f this w o r k w e r e 
appl ied to accelerate cool ing rates of 
thick section ASTM A710 HSLA steel 
we ldments fabr icated autogenously by 
the C T A W process at a heat input o f 150 
k j / i n . (5.9 k ) / m m ) . The Charpy V-no tch 
results f r o m this study (Ref. 22) are pre
sented in Fig. 13. Typical plate propert ies, 
and HY-80 C T A W filler metal require
ments (Ref. 23), are p rov ided fo r compar 
ison. These data show that the we ldmen t 
p roduced w i t h convect ive cool ing had 
higher toughness values than the w e l d 
ment p roduced w i thou t convect ive coo l 
ing, and easily meet HY-80 filler metal 
requirements. 

Conclusions 

In this w o r k , a m e t h o d has been deve l 
o p e d to apply f o rced convec t ion heat 
transfer by gas impingement to Ti-6Al-4V 
we ld metals depos i ted by the C T A W 
process at a heat input o f 115 k j / i n . (4.5 
k j / m m ) . The results of the appl icat ion of 
this m e t h o d indicate the fo l low ing : 

1. Forced convect ive cool ing fo rms a 
ref ined w e l d metal macrost ructure. Grain 
ref inement is achieved b y a change in 
we ld -poo l geomet ry caused by jet 
impingement on the trailing edge of the 
we ld poo l . 

2. The w e l d metal cool ing rate 
increases w i t h f o rced convect ive cool ing. 
By increasing the cool ing rate, the t ime at 
t ransformat ion tempera tu re is reduced 
and a finer w e l d metal microstructure is 
p roduced . 

3. Forced convect ive cool ing modif ies 
the shape of the depos i ted we ld bead. 
The dep th - t o -w id th rat io o f the fusion 
zone increases and the w i d t h of the w e l d 
HAZ decreases. 

4. W i t h the in t roduct ion of fo rced 
convect ive cool ing, the w e l d poo l t e m 
perature decreases and thermal gradients 
in the fusion zone near the solid-liquid 
interface also decrease. 
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