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ABSTRACT. The addition of titanium to 
steel submerged arc welds produces 
grain refinement if the primary phase is 8 
ferrite but not if austenite is the primary 
phase. Grain refinement is due to the 
formation of TiN particles in the melt, 
which are effective nuclei for ferrite, and 
the formation is consistent with a close 
planar registry between them. The 
degree of disregistry is, however, much 
greater for austenite and TiN. The TiN 
particles are themselves nucleated by 
aluminum or titanium oxide particles in 
the weld pool. The concentration of TiN 
particles and the degree of grain refine
ment of C-Mn steel are related to the 
concentration of Al in the weld deposit. 
The high nucleation rate of 5 ferrite dur
ing solidification results in a refined, 
equiaxed, austenite microstructure in 
C-Mn steels because of the peritectic 
reaction. Only a fraction of the TiN parti
cles are effective as a nucleus agent 
because of the additional requirement for 
sufficient undercooling at the particle/ 
melt interface. Complete refinement of 
the solidification structure is achieved 
only when both a critical number of TiN 
nuclei in the melt is exceeded (controlled 
by Al and to a smaller extent, Ti) and 
when a minimum level of undercooling is 
present in their vicinity (controlled by 
Ti). 

The present paper reports an investi
gation of the effect on the microstructure 
of submerged arc welds inoculated with 
Ti. The major interest has been in ~ 0 . 1 % 
C, 1.7% Mn steel, but difficulties arise 
with the interpretation of inoculation 
effects on these steels, because the vari
ous transformations (<5 ferrite to austenite 
to various decomposition products) mask 
the original as-cast structure. Therefore, 
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studies have also been carried out using 
austenitic stainless steels with composi
tions such that either austenite or 8 ferrite 
are the initial equilibrium phases, and 
ferritic stainless steel in which ferrite is the 
only equilibrium crystalline phase. 

Introduction 

Welds generally have a columnar grain 
structure arising from the growth of crys
tals from the fusion line into the weld 
pool as it freezes. The submerged arc 
welding (SAW) process, which is carried 
out at high heat inputs and has character
istically large weld pools, favors the seg
regation of elements to the center of the 
welds, where the columnar grains meet, 
resulting in susceptibility to solidification 
cracking. It would be desirable to replace 
the columnar structure with an equiaxed 
one to reduce this effect and also to 
improve the mechanical properties. 

Titanium additions are effective in sup
pressing the columnar grain structure of 
cast steels, as first pointed out by Valenta 
and Poboril (Ref. 1). The effect was later 
confirmed by Comstock (Ref. 2), who 
found that certain cast steels containing 
0.1% Ti were free from coarse dendrites, 
but similar additions of Zr did not 
produce grain refinement. He ascribed 
the effectiveness of Ti to nucleation of 
iron by TiC particles dispersed in the melt 
(Ref. 3). A study of the effect of inocula
tion by various elements on the micro-
structure of steel castings and weld 
deposits led Tumbull, ef al. (Ref. 4), to 
suggest that TiC was a good nucleating 
agent for 8 Fe and that Ti and Nb in 
solution acted as grain growth inhibitors, 
which made the nuclei more effective in 
grain size control. The finest grain sizes 
obtained by them in SAW deposits were 
produced by using a hollow steel elec
trode containing a mixture of ferrotitani-
um and TiC. 

The approach of inoculating weld 
deposits to modify the grain structure has 

been applied to mild steels by Garland 
and Davies (Refs. 5, 6). They used pow
dered ferrotitanium (Fe-Ti) contained in a 
mild steel tube which was fed into the 
weld pool ahead of the advancing solidi
fication front, and they observed exten
sive grain refinement. Garland (Ref. 5) 
proposed that this was due to the forma
tion of heterogeneous solidification 
nuclei of TiC and the generation of suffi
cient constitutional supercooling through
out the Ti solution in the melt, to provide 
the necessary driving force for growth on 
these nuclei ahead of the advancing sol
id/liquid interface. The effective opera
tion of this grain refining technique was 
shown to depend critically on the rate of 
supply and the particle size of the inocu-
lant, the position of introduction into the 
weld pool, and the welding conditions. 

Willingham and Bailey (Ref. 7), using 
the same inoculation technique during 
SAW of mild steel, added Fe-Ti, TiB2, and 
mixtures of TiB2 with CaF2 and ferrotitani
um. Equiaxed grains were produced, but 
cracks frequently occurred down the 
weld centerline where the two plates 
joined, either during or after welding. 

Cibula (Ref. 8), in his pioneering work 
on the mechanism of grain refinement of 
castings, established the importance of 
the catalyst/metal interfacial energy in 
controlling the effectiveness of materials 
as catalysts for nucleation of crystals from 
the melt, and suggested that an effective 
catalyst must have a close structural rela
tionship with the metal. Later, Turnbull 
and Vonnegut (Ref. 9) formalized this 
relationship, proposing that the effective
ness of a catalyst could be related to the 
disregistry 8 = (ac — am)/am, where ac is 
the lattice parameter of a low index plane 
of the catalyst and am the lattice parame
ter of a low index plane of the metal. 
Experimental evidence, however, sug
gests that other factors are also impor
tant. Carbides, for example, are much 
more effective catalysts than oxides with 
similar lattice disregistries. Tiller and Taka-
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Table 1—Materials Used 

Deposit 

C-Mn 

Austenitic stainless (6 ferrite 
nucleating) 

Austenitic stainless (austenite 
nucleating) 

Ferritic stainless steel 

Plate 

AS 1204 
C 0.18%; Mn 1.45%; P 0.028%; 
Si 0.27%; S 0.019%; Al 0.048% 

304L 
Cr 18.3",,; Ni 8.6%; Mn 1.48%; 
C 0.037%; Si 0.046%; P 0.026% 

Composition as above 

Cr 26.7%; C 0.007%; 
Mn 0.06°,,; Si 0.02% 

Electrode 

Lincoln L61 (3.2 mm) 
Typical analysis 
C 0.07-0.15% 
Mn 0.85-1.25% 
Si 0.15-0.35% 
Autocraft 308L (3.2 mm) 
Typical analysis 
Cr 20.5%; Ni 10.0%; 
Mn 1.8",,; C 0.025%; 
Si 0.85%; P 0.015% 
Electrode as above plus two 

pure Ni wires in groove 
(2.6 mm) 

Autocraft 308L (3.2 mm) 

Flux 

Lincoln 781 (basicity 
index = 0.67) 

Lincoln 880 (basicity 
index = 2.0) 

Lincoln 880 

Lincoln 880 

hashi (Ref. 10) explained this effect in 
terms of an electrostatic contribution to 
the total interfacial energy. 

Bramfitt (Ref. 11) discussed the degree 
of potency of the nucleation catalyst on 
the basis of the disregistry between the 
lattice parameters of the substrate and 
the nucleating phase. He modified the 
linear disregistry equation of Turnbull-
Vonnegut to include three disregistry 
terms, so that the planar disregistry at the 
interface of two phases could be calcu
lated. His equation is not restricted to 
planes involving only similar atomic 
arrangements. 

Of 20 carbide and nitride additions to 
liquid iron, Bramfitt found that six were 
effective in producing varying degrees of 
refinement. He plotted the measured 
characteristic supercooling of these six 
compounds against the disregistry calcu
lated by both the linear and planar equa
tions. The result showed that when sys
tems more complex than cubic were 
considered, the disregistry values calcu
lated from the planar equation all con
formed to the trend that supercooling 
varied parabolically with disregistry. 
Bramfitt classified a nucleant as being 
potent if its planar disregistry is less than 
12%. The most effective nuclei for <5 were 
found to be TiN and TiC. 

Recent studies by Ostrowski and Lang
er (Refs. 12, 13) of grain refinement in 
ferritic, 17% Cr, low carbon stainless 
steels have shown that TiN is a potent 
nucleation agent for ferrite, and that the 
TiN particles seem to be formed in the 
melt on oxide particles, which could not 
be definitely identified, but were 
assumed to be predominantly AI2O3. 

Experimental 

Weld deposits were produced using a 
Lincoln NA3S fully automatic submerged 
arc welding unit with a DC-600 power 
supply. Welds were deposited in milled 
V-grooves, 60 deg angle, 4.5 mm (0.18 
in.) deep in 300 X 75 X 20 mm 

(12 X 3 X 0.8 in.) plates. In most cases, 
welding conditions used were: 520 A, 29 
V, DC, electrode -F, at a welding speed 
of 380 mm/min (15 in./min) (heat in
put 2.4 k j /mm, or 61 kj/in.). Several 
comparison welds were carried out at a 
higher heat input (6.7 k j /mm, or 170 
kj/in.) with welding conditions: 610 A, 
37.5 V, DC, electrode -F, at a welding 
speed of 208 mm/min (8.2 in./min). 
Details of the materials used are given in 
Table 1. 

Welds were doped with titanium by 
placing suitable powders or wires in the 
groove before welding. Various other 
additions were also made to Ti doped 
welds by appropriate additions (AI2O3, 
mischmetal, B) in powder form. Table 2 
lists the various additions used. 

Chemical analyses of the weld deposits 
were carried out by commercial analysts 
(Spectrometer Services Pty. Ltd.). Extra N 
analyses were by courtesy of the BHP 
Laboratories (Melbourne). 

Sections both longitudinal and trans
verse to the welding direction were pol
ished to 3 /xm and etched. Etchants used 
for optical microscopy were: 

C-Mn Steel 

1. 4% picral —for general structure 
(Ref. 14). 

2. Saturated aqueous solution of picric 
acid (Ref. 6) plus metallographic 
Teepol as wetting agent (SASPA-
Teepol) at 60°C (140°F)- to reveal 
the solidifying austenite grain size 
by delineating the sulphur and 
phosphorus segregation. 

Austenitic Stainless Steel 

1. 10 ml acetic acid, 10 ml HNO3, 15 
ml HCI, 5 drops glycerol —to delin
eate austenite grain boundaries 
(Ref. 15). 

2. 5 gm CuS04 • 5H 20, 100 ml HCI, 
100 ml H 2 0, 100 ml C2H5OH plus 
100 ml C2H5OH — to reveal coring 
(Ref. 16). Etching times on the order 
of 5-10 s were required to reveal 
coring. Longer etching showed 8 
ferrite on a uniform background. 

3. 10 gm CuCI2, 50 ml HCI, 100 ml 
H 20, 50 ml C 2 H 5 O H - t o reveal 8 
ferrite grains (Ref. 17). 

Ferritic Stainless Steel 

1. 5 ml HCI, 1 g picric acid, 100 ml 
C2H5OH — for general structure and 
8 grain boundaries (Ref. 16). 

Microhardness transverses were per
formed on the polished sections. 

A Cambridge S4-10 Stereoscan scan-

Table 2—Inoculation Additions 

Addition 

Ferrotitanium powder 

Titanium powder 
(Cerac) 

Titanium wire 
Boron powder'3 ' 

r> AI2O3 powder'3 ' 
Mischmetal powder'3 ' 

Mesh Size or 
Wire Diameter 

<53 Mm . 53-75 /<m 
75-150 Mm, 250-420 tim 

<44 nm, 53-150 11m 

40 thou. 
5 Mm 

0.1 iim 
<250 Mm 

Composition 
(where applicable) 

66.8% Ti 
1.4% Al 

»99.5% Ti 
0.005% Al 

94-96% B 
Mg 1"„ max. 
Balance O 

— 
— 

a)Denotes that the inoculant was added with some form of titanium 
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ning electron microscope (SEM) was used 
to observe the nature of the particles 
within the weld deposits. Elemental anal
yses were carried out using an energy 
dispersive x-ray analysis (EDAX) attach
ment on the microscope which could 
detect elements heavier than sodium. 
Some limited transmission electron 
microscopy (TEM) was performed on 
foils prepared by mechanically grinding 
to approximately 0.05 mm (0.002 in.), 
then electropolishing in a solution of 10% 
perchloric acid in glacial acetic acid. 

X-ray diffraction was also used to study 
the structure of particles dispersed in the 
welds. The weld matrix was electrolyti-
cally dissolved using 10% HCI in methanol 
at a current density of 6mA/cm2 , 2 volts 
(Ref. 18). The residual material was col
lected and dried for x-ray diffraction in a 
Philips diffractometer. Some experiments 
were also carried out using a Guinier 
camera. 

The type and number of inclusions in 
weld deposits were determined by opti
cal microscopy. Polished weld sections 
were first electrolytically etched in ASTM 
etchant No. 85 (Ref. 16) to stain the 
carbides, and thereby increase contrast 
between the carbides and matrix. Four 
areas were photographed near the top 
of the weld and four near the bottom of 
the weld. Two micrographs covering an 
area -\-150 Mm X 120 fim were then 
printed from each region, and inclusions 
were labelled by comparing with the 
specimen under the microscope. 

The number of particles per unit vol
ume N v was calculated by treating the 
particles as cubes (Ref. 19): 

N v = 2NA
2 /3NL 

where NA = number of interceptions of 
particles per unit test area and NL = num
ber of interceptions of particles per unit 
length of test line. 

A circle of diameter slightly smaller 
than the width of the micrograph con
taining a grid of line spacing of 4 mm 
(0.16 in.) (-^6.8 Mm on the micrographs) 
was placed over each micrograph to 
determine NA and NL. 

Results 

C-Mn Steel 

The effects of inoculant type and con
centration on the hardness and structure 
of welds in the C-Mn steel are summa
rized in Table 3. Macrostructures of weld 
deposits at two Ti concentrations pro
duced by inoculation with ferrotitanium, 
etched separately in SASPA-Teepol and 
4% picral, are illustrated in Figs. 2A, 3A 
and 2B, 3B, respectively. The columnar 
grain structure observed in an undoped 
weld (Figs. 1A, 1B) is replaced by an 
equiaxed structure at 0.52% Ti. The 
length of the columnar grains was 

Fig. 1-Macrostructure of Weld 94, 0.0% Ti, 0.020% Al. (A) SASPA-Teepol etch (6X). (B) 4% picral 
etch (6X) 

Fig. 2 - Macrostructure of Weld 82, 0.60",, Ti, 0.06 1% Al. (A) SASPA-Teepol etch (6X). (B) 4% picral 
etch (6X) 

k 
Fig. 3-Weld 143, 0.95% Ti, 0.18% Al. (A) SASPA-Teepol etch (6X). (B) 4% picral etch (bX) 

decreased at intermediate Ti levels. At Ti 
concentrations around 0.60%, the 
equiaxed macrostructure shows distinct 
light and dark etching bands (Fig. 2B), with 
the light etching equiaxed bands broad
ening with increasing Ti —Fig. 3B. 

Microexamination of the 4% picral 
etched welds showed that the undoped 
welds had an acicular ferrite microstruc
ture, but this changed to a lath martensite 
structure in a doped weld containing 
around 0.2% Ti. The equiaxed structure 
observed at 0.52% Ti consisted of a 
duplex structure of martensite-ferrite (Fig. 
4), but bands of equiaxed ferrite (light 
bands) within the martensite-ferrite 
matrix were obtained at 0.6% Ti —Fig. 5. 
Analysis, using the SEM-EDAX system, of 
a ferrite band and a region of the mar
tensitic matrix of this weld gave ratios of 
Fe:Tiat32 ± 1 and 86 ± 12, respective
ly (uncorrected for absorption and fluo

rescence), showing that the ferritic 
regions corresponded to higher than 
average Ti concentrations. At a Ti con
centration of 0.95% (Fig. 3B), the weld 
deposit contained bands of martensite 
within an equiaxed ferritic matrix. 

Additions of titanium metal powder or 
wire to weld deposits did not produce an 
equiaxed microstructure, but the mar
tensite within the columnar grains was 
replaced by ferrite with increasing Ti 
concentration, as shown in Fig. 6 (Weld 
98 containing 0.86% Ti). The microstruc
tural changes, however, occurred at the 
same Ti levels as the ferrotitanium addi
tions. 

The addition of Ti metal powder mixed 
with 0.1 fim particle size AI2O3 powder 
resulted in a refined microstructure similar 
to that obtained with ferrotitanium addi
tion at the same recovered Ti concentra
tion (Weld 145), when the recovered Al 
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Table 3—Compositions and Structures of Doped C-Mn Welds at Heat Input 2.4 k j /mm 

Weld No. Inoculant 

94 No addition 

a) Ferrotitanium Additions 
93 75-125 Mm 

89 

90 

92 

88 

87 

106 

91 

82 

142 

<53 Mm 

53-75 Mm 

250-420 Mm 

75-150 Mm 

250-420 Mm 

75-150 Mm 

53-75 Mm 

75-150 Mm 

75-150 Mm 

107 75-150 Mm 

143 75-150 Mm 

(b) Pure Titanium Additions 
97 2 X 40 thou wires 

100 Ti < 44 Mm 

99 Ti < 44 Mm 

144 

98 

Ti 53-150 Mm 

6 X 40 thou 

Wt. Powder 
Addition in 

)0 mm Groove 
(gm) 

0 

5.2 

7.8 

7.8 

5.2 

7.8 

7.8 

7.8 

10.4 

10.4 

13.0 

7.8 

17.0 

2.2 

4.0 

6.0 

6.8 

6.5 

Flux 

781 

781 

781 

781 

781 

781 

781 

860 

78 I 

781 

781 

880 

781 

781 

781 

781 

781 

78 I 

%Ti 

0 

0.21 

0.22 

0.35 

0.35 

0.52 

0.53 

0.58 

0.60 

0.60 

0.82 

0.92 

0.95 

0.29 

0.38 

0.64 

0.67 

0.86 

Recovered 
%AI 

0.020 

0.028 

0.033 

0.027 

0.045 

0.067 

0.054 

0.087 

0.060 

0.061 

0.12 

0.13 

0.18 

0.018 

0.019 

0.024 

0.017 

0.022 

N(ppm) 

63<1> 

127'2 ' 

NA 

121(D 

NA 

NA 

157'2 ' 

NA 

181<2' 

106'1' 

NA 

NA 

NA 

NA 

NA 

7 3 ( 2 ) 

72(1) 

59 ' " 

Hv 

246 

329 

357 

387 

343 

359 

330 

326 

328 

324 

266 

220 

231 

307 

340 

306 

316 

217 

a) 
b) 

a) 
b) 

a) 
b) 
a) 
b) 
a) 
b) 
a) 

b) 
a) 
b) 
a) 
b) 

a) 
b) 
a) 
b) 
a) 
b) 
a) 
b) 

a) 
b) 
a) 
b) 

a) 
b) 
a) 
b) 
a) 
b) 

a) 
b) 

a) 

b) 

Macrostructure after etching in SASPA-Teepol 
Macro- and microstructures after etching in 4% 
picral 

Columnar grains 
Acicular ferrite within columnar grains 

Columnar grains 
Martensite within columnar grains 
Shorter columnar grains 
As in 93b 
As in 89a 
As in 89b 
Shorter columnar grains —upper half 
Equiaxed grains —lower half 
Martensite within short columnar grains 
Equiaxed grains 
Martensite within equiaxed grains 
As in 88a 
Bands of equiaxed ferrite lying on a background 
of martensite within equiaxed grains 
As in 88a 
As in 87b 
As in 88a 
As in 87b 
As in 88a 
As in 87b 
As in 88a 
Bands of martensite within equiaxed grains on 
background of equiaxed ferrite 
As in 88a 
As in 142b but less martensite bands 
As in 88a 
As in 107b but less martensite bands 

As in 93a 
As in 93b 
As in 93a 
As in 93b 
As in 93a 
Bands of columnar ferrite lying on a background 
of martensite within columnar grains 
As in 93a 
As in 99b but slightly more columnar ferrite 
bands 
As in 93a 
Ferrite within columnar grains 

(c) Pure Ti 
146 

145 

Additions plus AI2O3 
Ti 53-150 Mm 
a AI2O3 

Ti 53-150 Mm 
8 A l 2 0 3 

(d) Other Additions 
104 

81 

Fe-Ti < 53 Mm 
6 AI2O3 
TiC 

6.8 
0.54 

6.8 
0.81 

7.8 
0.58 
2.3 

781 0.64 0.033 NA 380 

781 0.61 0.054 68<2> 336 

781 0.30 0.053 160<2' 362 

781 0.12 0.025 NA 307 

Equiaxed grains — top third 
Columnar grains —lower two-thirds 
Martensite within equiaxed grains —top third 
Martensite within columnar grains —lower two-
thirds 
As in 82a 
As in 82b 

a) As in 93a 
b) As in 93b 
a) Columnar grains 
b) Martensite within columnar grains 

NA Nol analyzed. 
( 1 , N analyzed by distillation with a colorimetric finish by Spectrometer Services. 
( 2 ) Analyzed at BHP-MRL (Melbourne) using a LECO TN-14 nitrogen determinator. 

was 0.054%. (The terminology "recov
ered" refers to the concentration of that 
element in the weld. It is to differentiate 
between "added" concentration and 
"analyzed" concentration.) However, 
refinement did not occur at a recovered 
Al concentration of 0.033% (Weld 146), 

although the columnar grains were short
er than observed in a weld with no AI7O3 
addition (Weld 144, 0.017% Al). 

TiC additions up to 0.12% recovered Ti 
did not produce an equiaxed structure, 
but the columnar grain width was 
reduced slightly. 

The hardness of weld deposits as a 
function of recovered Ti concentration is 
shown in Fig. 7. The hardness range of 
300-380 HV for all welds doped with Ti 
up to 0.7% is considerably higher than 
that for undoped welds of approximately 
250 HV, and is consistent with the high 
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Fig. 6 - Macrostructure of Weld 98 (0.86% Ti, 
0.022% Al), 4% picral etch (6X) 

Fig. 4-Microstructure of Weld 88 (0.52% Ti). 
Equiaxed duplex martensite-ferrite (280X). 
M = martensite; F = ferrite. 4"i> picral etch 

Fig. 5- Weld 82 (0.60% Ti). Band of equiaxed 
ferrite within martensite-ferrite matrix, 4% 
picral etch (SOX) 
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martensite levels observed. Welds con
taining 0.8-1.0% Ti, however, had much 
lower hardness (210-230 HV), which is 
consistent with their ferritic structures. 

The recovered %Ti and %AI of these 
doped welds is plotted in Fig. 8. The 
recovered Al concentration of welds 
doped with ferrotitanium increased 
approximately linearly with the recov
ered Ti, reflecting the relatively high Al 
content (1.4%) of the ferrotitanium used. 
The Al recovered for Ti metal doped 
welds was, however, very much smaller, 
except for welds doped with Ti metal 
and AI2O3 powder/AI wire mixtures. 
Welds with compositions above the 
upper dashed line in Fig. 8 exhibited a 
refined macrostructure after etching sep
arately in SASPA and 4% picral, whereas 
those with compositions below the lower 
dashed line (corresponding to the lower 
Ti and Al thresholds of approximately 
0.3% and 0.03%, respectively, this line is 
more ill-defined because of the slowly 
changing macrostructure of the two vari
ables) contained columnar macrostruc
tures, some with shortened columnar 
grains. Welds with composition lying 
between the dashed lines contained part
ly equiaxed areas and/or very short 
columnar grains. This shows that com
plete grain refinement only occurs when 
the levels of recovered Ti and Al both 
exceed certain respective thresholds, 
which are approximately 0.52% for Ti 
and 0.050% for Al. 

Optical microscopy of polished, but 
unetched, sections of Ti treated welds 
(except TiC addition, see below) revealed 
the presence of three main types of 
isolated particles, which may be classified 
as follows: 

Type 1. Circular, grey in color, mostly 
1-5 Mm diameter, with a few 
up to 25 |tm — Fig. 9. A small 
proportion contained cavities; 
some were polycrystalline. 
The microhardness (50 gm 
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Fig. 9-Scanning electron micrograph of Type 
I particle 

load) of larger particles was in 
the range 810-900 Vickers. 

Type 2. Circular, grey or brown/grey 
in color, contained within an 
orange/yellow region; this 
latter region was sometimes 
facetted. Some center regions 
were easily visible to the eye 
at 800X (Type 2A), and some 
with a central region just 
resolvable at the same magni
fication (Type 2B). 

Type 3. Uniform orange/yellow inclu
sions; some facetted. 

In the TiC inoculated weld (0.12% Ti 
recovered), Type 1 particles were mainly 
present, with Type 2 and 3 inclusions 
being rare. 

Analysis of particles, using EDAX sys
tem on the SEM, showed that Type 1 
particles were high in Ti, with a little Fe, 
Mn and Al also being detected. The color 
of these particles, under normal illumina
tion, suggests that they are either TiC, 
Ti02 or TJ203; however, the microhard-

v° 
C 

v> 4 
o 

0-60 % Ti 

Fig. 10 — Scanning electron micrograph of 
Type 2a particle showing Al and Ti profiles 

ness is consistent with TiO? or Ti203 (the 
hardness of a sample of sintered Ti02 
was ~1000 HV and that of T i203 is 
similar), rather than TiC, which would 
have a hardness greater than 2000 HV. 
The observed color change from a choc
olate brown to a neutral grey as the 
analyzer was rotated about the 
"crossed" position points to a-Ti203 (Ref. 
20). 

The Type 2A particles could be further 
divided into two groups. Those with a 
center high in Ti (similar to Type 1, but 
smaller) and those with a center high in 
Al. Both have a high Ti concentration in 
the outer orange/yellow region. It was 
impossible to tell them apart optically 
except on the larger centered particles. 
The Al and Ti EDAX line scans of a larger 
2A particle with a center high in Al is 
shown in Fig. 10. Optical examination 
revealed a central region with a sharp 
outline. These results suggest that the 

002 0 0 4 
% Aluminium 

0 0 6 

Fig. 12 — Number of inclusions per mm3 as a function of "„Al recovered (Ti approximately constant 
at 0.60%) 

Fig. 11 — Transmission electron micrograph of 
Type 2a particle showing spherical central 
particle 

Type 2A, 2B and 3 particles correspond 
to different sections of two different 
particles, consisting either of a central 
region high in Al or Ti. Both were sur
rounded by a high Ti region with an 
orange/yellow color. This was confirmed 
by examination of an unetched specimen 
after polishing in small successive steps. 
The TEM examination of a facetted 2A 
type particle showed a central circular 
region of a phase (Fig. 11) which could 
not be identified because its thickness 
was too great to give a satisfactory dif
fraction pattern. 

Counts of particles, where Types 2 and 
3 were grouped together and no differ
entiation was made between Ti centers 
and Al centers, showed that the number 
increased both for a given %Ti with 
increasing %AI (Fig. 12) and a given %AI 
with increasing %Ti — Fig. 13. 

X-ray diffraction of particles extracted 
electrolytically from six C-Mn welds of 
varying %Ti showed them to be predom
inantly TiC or TiN with lattice parameters 
as indicated in Fig. 14. For the TiC-TiN 
system in which there is complete solid 
solubility, this relationship is nearly linear 
(Ref. 21). An amorphous phase was also 
detected, which was probably Si02 gel 
arising from precipitation of Si in the steel 
during electrolysis. The TiN lattice param
eter from Weld 98 is not indicated 
because the reflections from some 
planes, apart from being weak and 
broad, were partly obscured by their 
neighboring intense TiC peaks. 

Welds with more than 0.53% Ti con
tained particles with lattice parameters 
corresponding to stoichiometric TiC, as 
well as particles with lattice parameters 
near TiN, whereas TiC was not present as 
a separate phase in welds containing 
0.3% or less Ti. T i 20 3 was detected only 
in the powder from Weld 98. 

Two welds, with the same level of 
Fe-Ti addition, were made with two dif
ferent fluxes to C-Mn steel at a higher 
heat input of 6.7 k j /mm (170 kj/in.). 
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Details are given in Table 4. Both the 
macrostructure and microstructure (acic
ular ferrite and grain boundary ferrite) of 
the plain weld, at this heat input, were 
coarser than the structure of the plain 
weld at the lower (2.4 k j /mm, or 61 
kj/in.) heat input. Levels of Ti to give 
0.35% recovery (0.049% Al) produced a 
weld with macrostructure similar to Weld 
92, deposited at the lower input with 
comparable Ti and Al levels. Inclusions 
observed were as described after Fe-Ti 
additions to the low heat input welds. 

Austenitic Stainless Steel 

Inoculation by Ti and its effect on the 
structures of austenitic stainless steel 
weld deposits nucleating from the melt 
either as 8 ferrite (18% Cr, 10% Ni) or as 
austenite (18% Cr, 20% Ni) are listed in 
Table 5a. 

The undoped weld deposits nucleating 
as 5 ferrite had a columnar microstructure 
consisting of austenite with a few percent 
ferrite, corresponding to the primary 
dendrite core, remaining untrans
formed-Figs. 15A, 15B. Addition of fer
rotitanium (recovered Ti in the weld was 
0.22%) produced a partially refined 
microstructure. At 0.51% Ti, the weld 
microstructure, revealed by etching with 
A2, was apparently fully refined (Figs. 
16A, 16B) in all regions: however, etching 
in A3 revealed a columnar austenitic mac
rostructure. 

Careful polishing and etching of Weld 
117 (17.2% Cr, 10.8% Ni, 0.51% Ti) with 
A2 showed some Type 2 particles lying in 
the center of their respective 8 ferrite 
dendrites— Fig. 17. 

Point elemental analysis (300 seconds 
each), using the SEM EDAX system to 
detect Cr, Ni and Ti segregations, was 
performed on polished sections of Welds 
116 and 117, both of which nucleate as 8 
ferrite. Ratios of the peak integral counts 
Fe: Cr, Fe: Ni and Fe: Ti, after background 
subtraction, were calculated. An increase 
in the Fe:Ni ratio and a decrease in the 
Fe:Cr ratio confirmed the nature of the 
retained core of the original 8 ferrite (Ref. 
22). The Ti counts were so small in Weld 
117 that the Fe:Ti variation between the 
phases was covered by error. The ex
cited volume of the analyzed regions, as 
measured from optical micrographs, was 
= 2 yum in diameter. 

Addition of ferrotitanium plus boron to 
give Ti and B of 0.45% and 0.028%, 
respectively, produced a 8 ferrite grain 
size approximately 0.8 times that of the 
higher recovered Ti in Weld 137 (0.85%), 
where Weld 137 has a grain size approx
imately 0.8 times that of Weld 117 
(0.51% Ti). 

Refinement did not occur in Weld 119, 
which should nucleate as austenite, at the 
same level of recovered Ti that produced 
refinement for austenitic stainless steel 
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Fig. 13 — Number of inclusions per mm3 as a function of %Ti recovered (Al constant at 0.054",,) 
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welds in which 8 ferrite was the primary 
phase, although many inclusions of Types 
2 and 3 were present —Fig. 18. 

Ferritic Stainless Steel 

Table 5b gives inoculation details and 
recovered %Ti, %Cr, %Ni of two ferritic 
stainless steel welds studied. 

The columnar grain structure of the 
undoped weld is shown in Fig. 19. Addi
tion of ferrotitanium (0.40% recovered 
Ti), produced a fully ferritic weld with 
equiaxed grains =±120 ycm diameter with 
a band of columnar grains of approxi
mate length 0.7 mm (0.28 in.) traversing 
the center of the weld —Fig. 20. 
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Table 4—Compositions and Structures of Doped C-Mn Steel Welds for Heat Input 6.7 kj/mm 

Recovered Weld 
No. 

141 

154 

147 

Inoculant 

No addition 

75-150 Mm FeTi 

75-150 fim FeTi 

Wt. Powder 
addition in 

300 mm groove 
(gm) 

0 

10.4 

10.4 

Flux ~%J\ %AJ %Mn %Si N'a>(ppm) %C 

781 0.00 0.022 2.36 0.91 

781 0.25 0.037 2.12 1.35 

880 0.35 0.049 1.10 0.52 

'(ppm) 

64 

90 

90 

%C 

0.10 

0.11 

0.11 

H v 

221 

342 

Bainite 
361 

a) Macrostructure after etching 
in SASPA-Teepol 

b) Macro- and microstructures 
after etching in 4% picral 

a) Column grains 
b) Acicular ferrite and grain 

boundary ferrite. Columnar 
grains 

a) Columnar grains 
b) Bainite in columnar grains 
a) Equiaxed grains —top 

quarter. Shorter columnar 
grains lower 

Martensite b) Martensite and bainite in 
430 columnar grains which are 

shorter in top quarter 

{a)See tootnote ( I) below Table 3. 

Table 5—Compositions and Structures of Doped Stainless Steels 

Weld Nucleating 
No. Phase 

(a) Austenitic 
116 

I 18 

117 

137 

164 

119 

(b) Ferritic 
138 

139 

Inoculant 

No addition 

FeTi 75-150Mm 

FeTi 75-150/um 

FeTi 75-150 Mm 

FeTi 75-150 Mm 
B 5 Mm 
FeTi 75-150 Mm 
2 Ni wires 

No addition 

FeTi 75-150 Mm 

Wt. Powder 
Addition (gm) 

in 300 mm 
Groove 

0 

2.3 

4.7 

7.5 

4.7 
0.16 
4.7 

0 

4.7 

% Ti 

0 

0.22 

0.51 

0.85 

0.45 

0.48 

0 

0.40 

Recovered 
"b Cr 

18.1 

18.4 

17.2 

18.3 

19.3 

17.7 

21.5 

21.8 

"„ Ni 

10.6 

10.9 

10.8 

9.6 

9.5 

19.6 

5.0 

4.5 

Hv 

I78 

191 

238 

212 

232 

161 

240 

233 

Structure 

Columnar retained b ferrite cores 
within columnar y grains. 

Partly refined retained b ferrite 
cores within columnar 7 grains. 

Equiaxed retained r5 ferrite cores 
within columnar 7 grains. 

As in 118 but smaller retained b 
ferrite cores. 

Retained b ferrite grain size smaller 
than 137 (0.028"„ B). 

Columnar austenite. 

Columnar b ferrite. Soft martensite 
along grain boundaries. 

Equiaxed b ferrite. 

Discussion 

The present study has shown that the 
addition of ferrotitanium to the weld pool 
of a C-Mn steel results in the develop
ment of a refined, equiaxed grain struc
ture, rather than the columnar structure 
usually observed in welds, as previously 
reported by other workers (Refs. 4-7). 
The recovered Ti concentration of 0.52% 
required to produce refinement in the 
present work is, however, higher than 
the 0.2% reported by Garland (Ref. 5) 
and the 0.3% by Willingham and Bailey 
(Ref. 7). The lack of data does not permit 
a full explanation for this difference, but it 
may have arisen from several factors, 
including the difficulty in defining the 
onset of refinement, the nitrogen level 
(which they did not report) or heat input 
effects. However, refinement is clearly 
not simply a function of Ti concentration, 
since the addition of pure Ti wire or 

powder to the weld pool had little effect 
on grain length, whereas the addition of 
mixed Ti and A l 2 0 3 produced a similar 
degree of refinement to the addition of 
FeTi — Fig. 8. The fact that FeTi contained 
1.4% Al suggests that both Ti and Al are 
necessary to produce refinement. 

The microstructure of the weld deposit 
produced at retained Ti contents of 0.2-
0.6% consisted of low carbon martensite 
at the heat input of 2.4 k j /mm (61 k)/in.), 
at which most of the experiments were 
conducted, but a bainitic or bainitic/ 
martensitic structure was observed at a 
heat input of 6.7 k j /mm (170 kj/in.). This 
shows that the hardenability of the weld 
deposit has been increased by the pres
ence of small concentrations of Ti, to the 
extent that martensite is found during the 
more rapid cooling rate achieved at the 
lower heat input. The reported effects of 
Ti on hardenability of steels are complex 
because of the interaction between Ti 

and C; however, it has been suggested 
that the acid soluble Ti, that is, the Ti 
which is not combined as TiC, is second 
only to B at increasing the hardenability of 
steels, particularly from high austenitizing 
temperatures (Ref. 3). 

Examination of the cooling of a 0.1% C, 
0.3% Ti steel in the Fe-Ti-C system (Ref. 
23) shows that primary 8 ferrite would 
react peritectically with the liquid phase 
to form austenite on the surface of each 
dendrite. Subsequent cooling would 
result in formation of an austenite micro-
structure with a grain size and shape 
related to the original distribution of 8 
ferrite. The final microstructure of mar
tensite, or bainite, etc., will then depend 
upon the cooling rate. In the case of 
higher Ti, e.g., 0.7% Ti, 0.1% C, the 
peritectic formation of austenite would 
again control the grain size at high tem
peratures, but a mixed ferrite-austenite 
structure would be formed on further 
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cooling. In the cooling temperature range 
of 1000-800°C (1832-1472°F), the aus
tenite would tend to transform to ferrite 
with formation of TiC, so that the final 
structure would consist of TiC and ferrite 
grains related in size to the primary 8 
ferrite. At compositions between 0.3% 
and 0.7% Ti, the nonequilibrium cooling 
conditions are such that some of the 
austenite persists at lower temperatures 
to form a duplex martensite-ferrite struc
ture—Fig. 4. 

These considerations show that the 
initial nucleation process for 8 ferrite from 
liquid has a pronounced influence on the 
final grain size observed in the weld, but 
that the presence of Ti at levels required 
to give refinement results in a microstruc
ture consisting of TiC at ferrite grain 
boundaries or, at faster cooling rates or 
lower Ti concentrations, TiC with ferritic-
martensitic or fully martensitic structures. 
At the Ti levels where the room temper
ature phase is a martensitic or a duplex 
martensitic-ferritic structure, the use of 
the etchant SASPA-Teepol enabled the 
shape of the original grain structure to be 
determined. This is because during the 
peritectic reaction S is ejected at the 
austenite grain boundary (its segregation 
being revealed by etching in SASPA-
Teepol), where the austenite, as previ
ously mentioned, solidifies around and 
thus takes the form of the 8 ferrite 
grains. 

The correlation of the increase in con
centration of inclusions and the onset of 
grain refinement with increasing Ti and Al 
(Figs. 8, 12 and 13) suggests that these 
inclusions are the active nuclei in the melt 
for crystallization of 8 ferrite. The appear
ance of the particles in unetched polished 
specimens suggests that the outer region 
is of the titanium carbide-titanium nitride 
type. There is evidence that the color of 
TiN-TiC solid solutions is a sensitive func
tion of the composition. Hume-Rothery, 
et al. (Ref. 24), reported that TiC was 
blue-grey in unetched sections, and the 
solid solutions between TiN and TiC were 
yellow to brown, although the color of 
particles in a given sample of steel was 

iv A^/CA.y:;: 

i s i ' ''""•'" 

Fig. 15-Macrostructure of Weld 116 (stainless steel nucleating as S ferrite. transforming to 
austenite). (A) Columnar macrostructure. Etched in A3 (6X). (B) Columnar microstructure. Showing 
residual primary d ferrite in austenite. Etched in A2 (I00X) 

Fig. 16 - Macrostructure of Weld 117 (0.51% Ti recovered, in same steel as Fig. 17). (A) Faint 
columnar macrostructure. Etched in A3 (6X). (B) Equiaxed microstructure showing randomly 
oriented S ferrite dendrite cores in austenite. Etched in A2 (100X) 

variable and duplex or rimmed particles 
were common. Direct evidence of the 
dependence of color on composition has 
been provided by Narita, ef al. (Ref. 25), 
who carried out carbon and nitrogen 
analyses by electron probe methods on 
large TiC-TiN crystals formed in the 
hearth of a blast furnace. They produced 
the following relationship between color 
and composition: 

1. yellow/orange—10 mole %TiC 
2. red /purp le - 15-25 mole %TiC 
3. blue/purple —40 mole %TiC 

On this basis, the orange/yellow color 

observed in the outer region of the 
Types 2 and 3 particles is consistent with 
10 mole %TiC. This is in agreement with 
the x-ray diffraction data, which shows 
that the particles correspond to TiN con
taining up to 10 mole %TiC for welds 
containing up to 0.35% Ti. Welds contain
ing more than approximately 0.53% Ti, 
however, showed the presence of both 
stoichiometric TiC and a TiN rich phase — 
Fig. 14. The presence of TiC as a separate 
phase is consistent with the phase equilib
ria considerations outlined previously. 
The presence of TiN at lower Ti levels 

Fig. 17 — Type 2 particle lying at center of S 
ferrite dendrite, Weld 117. Etched in A2 
(230X) 

Fig. 18-Macrostructure of Weld 119 (048% 
Ti, nontransforming stainless with austenite as 
primary phase). Etched in A1 (5X) 

Fig. 19 — Macrostructure of Weld 138. Ferritic 
stainless steel with no titanium addition. Etched 
in A 4 (5X) 
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Table 6—Lattice Disregistry between Austenite and TiN 
4.308 A; a3 %r= 3.6988 A 

Direction Combination 

Fig. 20 —Macrostructure of Weld 139. Ferritic 
stainless steel with 0.4% recovered Ti. Etched 
in A 4 (5X) 

and both TiN and TiC at higher levels is 
explicable on the basis that TiN forms in 
the liquid phase and TiC forms only in the 
solid state, mainly at the grain boundaries 
at relatively low temperatures. 

Thermodynamic calculations were car
ried out (Ref. 26) for the Fe-Ti-C and 
Fe-Ti-N systems to determine the phases 
present at equilibrium as a function of 
temperature near the melting point of the 
steel. It was assumed that the solubility 
products for the two independent sys
tems, Fe-Ti-C (Ref. 27) and Fe-Ti-N (Ref. 
28), applied to the Fe-Ti-C-N system. 
Calculations, based on the Ti, C and N 
analyses for four welds, showed that TiN 
could exist in the melt, but that TiC could 
not, which is consistent with the consid
erations outlined above. 

A study (Ref. 12) of titanium carboni
trides in cast 17% Cr steels has shown 
that TiN particles (possibly containing 
some C) tend to form in the liquid steel 
and act as nuclei for subsequent crystalli
zation of the melt. A feature of the TiN 
particles observed in the present study 
was the presence of a dark spot in many 
of them. TEM examination by Ostrowski 
and Langer confirmed the presence of 
foreign particles in the center of the TiN, 
but attempts to identify them were 
unsuccessful. It was assumed that they 
were Al203, Si02 or TixOy. In this study, 
the presence of Ti203 was confirmed 
only in the electrolytically extracted pow
der of Weld 98 (the highest Ti recovered 
weld from which inclusions were 
extracted). 

Some of the large Type 1 particles 
contained shrinkage cavities, which sug
gests that they were formed in the arc as 
molten droplets which solidified before 
contacting the liquid metal. Some of the 
smaller particles of this type may corre
spond to the nuclei of the Type 2 parti
cles where Al was detected only in small 
amounts or not at all. 

The presence of Al in the central parti
cle would explain the large increase in the 
concentration of particles counted in 
welds of constant Ti with increasing Al, if 
A l 20 3 crystals in the melt act as nuclei for 
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Plane Combination 

( 1 0 % 
(021)., 
(011)7 

(031), 
(023)7 

(111)T 

(113), 
(112)7 

(100), 
(021), 
(011)7 

(031)7 

(023)7 

(111)-, 
(113), 
(112), | 

(100)™ 
(IOO)™ 
(100)TiN 

(100)TiN 

(100)™ 
(100)™ 
(100)™ 
(100)™ 
(111)™ 
(111)™ 
(111)™ 
(111)™ 
(111)™ 
(111)™ 
(111)™ 
(111)™ 

[010], | 
[100]7 I 
[ iooi, [ 
[ iooi, | 
[iooi,1 
[noy 
[ii0]7 

["OJ, 
[010}, | 
[iooi, I 
[0111,| 
[iooi, | 
[iooi, | 
[110I,| 
[2111,1 
[110]7 | 

[010]™ 
[010]™ 
[011]™ 
[010]™ 
[010]™ 
[010]™ 
[010]™ 
[OlOJTiN 
[110]™ 
[112]™ 
[101]™ 
[110]™ 
[1121™ 
[110]™ 
[110]™ 
[1011™ 

Disregistry (% 

16.5 
8.97 

38.3 
19.6 
7.69 

27.4 
25.9 
33.1 
24.2 
21.5 
15.4 
13.2 
22.4 
16.5 
19.0 
15.6 

TiN. 
The present results, therefore, suggest 

that TiN crystallizes from the weld pool 
before crystallization of the steel, on 
heterogeneous nuclei, most of which are 
probably Al 20 3 , and that TiN is an effec
tive nucleating agent for 8 ferrite. This is 
supported by the work of Bramfitt (Ref. 
11) on the inoculation of pure Fe ingots 
with various carbides and nitrides, and 
Westin (Ref. 29) on the inoculation of 
18-8 stainless steel ingots by TiC and 
TiB. 

Using Bramfitt's planar disregistry mod
el, Ostrowski and Langer (Ref. 12) calcu
lated the disregistry for several combina
tions of planes between 8 Fe and TiN (TiN 
with a0 = 4.297 A and 8 Fe with 
a0 = 2.921 A). The minimum disregistry 
occurred for the combination (113)j 
||(100)TiN,[ilO]a||[010}TiN (3.53%), which 
agreed with their diffraction pattern 
work, where habitus planes for the <5 
matrix and TiN precipitate were 
obtained. Calculations in the present 
study, using TiN with a0 = 4.308 A (Ref. 
11) (1538°) and 8 with a0 = 2.9315 A 
(Ref. 11), gave (113)6||(001)T|N = 3.4%, 
which is preferred to the combination 
(100)s 11(100)™, [011]c.||[001]T[N (3.91%). 

The planar mismatch theory also pre
dicts a large mismatch between TiN and 
austenite (Table 6), which explains why 
no refinement occurred in the fully aus
tenite weld at levels of Ti which gave 
refinement for the 8 ferrite nucleating 
austenitic stainless steel weld. Only the 
(100) and (111) planes of TiN are consid
ered because these are close packed 
planes and are likely to bound the crys
tal - Wulff's Theorem (Ref. 30). 

Titanium doped austenitic stainless 
steels in which 8 ferrite is the primary 
phase showed evidence of refinement of 
the initial ferritic structure, but the austen
ite formed had a columnar structure. 
Estimation of the solidification sequences 

for this system (Ref. 31), however, shows 
that 8 ferrite solidification is complete 
before austenite is formed. The ferrite to 
austenite transformation then proceeds 
by growth of columnar austenite grains 
epitaxially from the fusion line. Use of an 
etchant (A2), which revealed segregation 
produced during solidification, also pro
vided direct evidence of the nucleation 
of 8 ferrite dendrites by TiN particles in 
this steel —Fig 17. The experiments con
ducted using Cr steels, which remained as 
the ferrite phase at all temperatures, 
clearly show the effectiveness of TiN 
particles in producing grain refinement 
without the complications introduced by 
subsequent solid phase transformations. 

Although evidence suggests that TiN is 
the active nucleus for 8 ferrite, not all of 
these particles are effective, since particle 
count/grain size data show that there is 
on the order of 200 TiN particles per 
grain. Ostrowski and Langer (Ref. 12) 
reported that, in the presence of sulphur, 
the TiN particles in 17% Cr stainless steels 
are covered by a thin film of sulphides, 
which reduces the effective contact 
between nucleus and liquid and then acts 
as a "poison." This method of poisoning 
with sulphur has been used to produce 
columnar Ti alloy magnets (Ref. 32) in 
which a minimum of 0.15% S was 
required. Pollard (Ref. 33) also observed 
small quantities of a grey colored phase 
at the TiN/matrix interface in specimens 
of a 26% Cr, 0.16% Ti steel. This phase 
was isotropic when viewed under polar
ized light and was identified by x-ray 
diffraction as (Fe,Ti)S2-

Optical observation and SEM EDAX 
analysis of the particles in the present 
work showed no evidence of a sulphur 
rich film. A C-Mn weld treated with Ti 
and mischmetal (0.12% Ce recovered), at 
a level to give preferential formation of 
rare earth sulphides in globular form (Ref. 
34), showed no increase in the effective-
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ness of the TiN nuclei, possibly because 
of the low level of recovered Ti (0.08%). 
However, it seems unlikely that sulphide 
films would be found at the high MnS 
ratio in the steel used in this work (~ 
170), suggesting that the reason not all 
potential nuclei are effective is not due to 
poisoning by sulphides. 

A more likely explanation for the ineffi
ciency of nucleation by TiN particles is 
that there is insufficient undercooling in 
the liquid, ahead of the solid/liquid inter
face, to produce nucleation. Constitu
tional supercooling occurs for a planar 
interface if (Ref. 13): 

G 

R 

mC0(1 - k0) 

DLkD 

where C = temperature gradient 
in the melt 

R = growth velocity 
m = slope of the liquidus line 

C0 = concentration of alloying 
element in the melt 

kD = equilibrium distribution 
coefficient 

DL = diffusion coefficient 
in the melt 

Ostrowski and Langer (Ref. 13) rear
ranged this equation to give: 

GDL c m ( 1 - k 0 ) _ p 

C0R ~ k„ 

where high values of the parameter P 
favor greater undercooling. The parame
ter P was estimated for combinations of 
various elements with Fe. This showed 
that boron was by far the most powerful 
addition in this regard, while Ti could only 
be termed moderate. An experiment in 
which elemental B was added to ferroti
tanium powder (Weld 164) in a 19.3% 
Cr-9.5% Ni stainless steel indeed gave a 
finer grain size than a weld at the same 
recovered %Ti without B, supporting the 
view that the undercooling effect is 
important. 

The particle counts (Fig. 12) clearly 
demonstrate that the concentration of 
TiN particles increases significantly with 
small increases in the level of Al. This may 
be explained by the heterogeneous 
nucleation of TiN by Al 20 3 particles with
in the melt, formed at high temperatures 
from the reaction of Al with dissolved 
oxygen. As shown in Fig. 13, increasing Ti 
at constant Al also increases this concen
tration of TiN particles (but not to the 
same extent as Al at constant Ti). This 
could be expected on the basis of a 
higher supersaturation of Ti in the melt, 
favoring nucleation of TiN particles on 
less potent A l 2 0 3 nuclei, but there would 
also be an effect due to the presence of 
T i 20 3 nuclei. 

The formation of an equiaxed micro-
structure in weld deposits requires very 

effective nucleation, since new grains 
must be formed in a vicinity of small 
undercooling before being overtaken by 
the columnar grains that grow rapidly 
from the fusion boundary where there is 
no nucleation barrier. The experimental 
results show that only a small proportion 
of TiN particles act as nuclei in the 
equiaxed microstructures, suggesting that 
nucleation only occurs on those particles 
in the melt at which the supercooling is, 
by chance, suitable. Titanium is a moder
ate promoter of constitutional supercool
ing; thus, this critical level of Ti required 
to give an equiaxed structure is probably 
related more to its supercooling effect 
than to the concentration of TiN particles. 
On the other hand, the critical level of Al 
required for grain refinement is probably 
related to a critical concentration of 
nuclei. Grain refinement, therefore, 
occurs when a critical number of nuclei is 
present, so that there is a reasonable 
probability of nuclei occurring in a region 
of the melt where a critical supercooling 
is exceeded. 

Conclusions 

The structure of steel weld deposits 
may be refined by additions of titanium 
only if 8 ferrite is the primary phase, but, 
as demonstrated in C-Mn steels, the per
centage of Al recovered must be above a 
certain level. The grain refinement effect 
of titanium arises from the formation of 
particles of TiN in the melt which act as 
nuclei for ferrite. The TiN particles them
selves appear to have nucleated on 
A l 2 0 3 or Ti203 particles, and the density 
of TiN particles increases with both 
increasing recovered Al concentration at 
constant Ti and increasing recovered Ti 
concentration at constant Al. 

Good lattice matching and the pres
ence of the nucleant in the melt do not 
necessarily mean that the nucleant will be 
potent. Complete grain refinement also 
requires that the nucleant be present 
above a minimum concentration in the 
melt and that a minimum level of under
cooling exists in its vicinity. 

The effectiveness of titanium may be 
improved by small additions of boron, 
which probably acts through a constitu
tional supercooling effect. 

Calculations showed that Bramfitt's 
planar disregistry model predicts a large 
mismatch when applied to TiN and aus
tenite. This explains why no refinement 
occurred in the fully austenitic weld at Ti 
levels which gave refinement to the 8 
austenitic stainless steel. 

Ti increases the hardenability of C-Mn 
steel up to ~0 .6% recovered Ti. Ferrite 
formation, with TiC precipitation at the 
grain boundaries, is promoted at higher Ti 
levels. 
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