The Effect of Titanium in SMA C-Mn Steel
Multipass Deposits
Varying the titanium content of an electrode results in a transfer of titanium into the
weld that dramatically modifies the as-deposited and reheated microstructure
BY G . M . EVANS

ABSTRACT. The influence of varying the
titanium content of a basic electrode on
weld metal composition, microstructure
and properties has been studied. It was
found that the transfer of a small amount
of titanium into the weld, of the order of
30 ppm (0.003%) dramatically modified
the as-deposited and the reheated m i crostructure. Both the hardness and the
tensile properties generally increased
with increasing titanium. Two optima in
impact properties were exhibited, one
at 30 ppm Ti and another in the region
of 200 ppm Ti.
Introduction
This investigation forms part of an ongoing program to study the factors affecting the mechanical properties of multipass shielded metal arc welds. Previous work examined the process parameters (Ref. 1) and considered the relative
effects of the main elements occurring
in mild steel weld metal, namely carbon
(Ref. 2), silicon (Ref. 3), manganese (Refs.
1-3), sulfur and phosphorus (Ref. 4). The
influence of weld metal titanium content has now been evaluated as an initial step in the process of understanding
the role of microalloying elements in
multipass weldments.

nominal composition of 0.07% C, 1.5%
M n and 0.35% Si. The core wire diameter was 4 mm and the coating factor
(D/d) was 1.68.
Weld Preparation
The joint geometry was that specified
in ISO 2560, 1973. Welding was done
in the flat position and three beads per
layer were deposited (Ref. 1). The total
number of runs required to fill the individual joints was 27. Direct current (electrode positive) was employed with the
amperage being 1 70 A, the arc voltage
21 V and the nominal heat input 1 kj/mm
(25.4 kj/in.). The interpass temperature
was standardized at 200°C (392°F).
Mechanical Testing
Two subsize all-weld-metal tensile
specimens (Minitrac) were machined
and tested for each of the different deposits. Also, approximately 35 Charpy
V-notch specimens were struck, so as to
obtain a full transition curve. The impact
specimens were in the as-welded cond i t i o n , whereas the tensile specimens
were given a hydrogen removal treatment at 250°C (484°F) for 14 h.

Experimental Procedure
Electrodes
Key Words
A balanced range of ten experimental basic iron powder-type electrodes
was prepared by progressively increasing the amount of titanium metal in the
coating, up to a maximum of 4.8%. The
consumables were of the C type, according to a previous designation (Refs.
1-4), and yielded weld metals with a
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Metallography
Transverse sections were prepared
and detailed examination was carried
out on the top beads and on the adjacent supercritically reheated zones, as
described previously (Refs. 1-4).
Results
Chemical Composition
The chemical analyses of the ten allweld metal deposits studied are given in
Table 1. Carbon was essentially constant, but manganese and silicon tended
to be unbalanced for the last two weldments of the series. As expected, increasing amounts of titanium were transferred into the deposits, as shown in Fig.
1. Initially, nitrogen decreased slightly
and then subsequently increased with
increasing titanium. Oxygen, on the
other hand, decreased progressively, as
shown in Fig. 2, and the deoxidation potential of titanium is thus confirmed (Ref.
5).
Metallographic Examination
As-Deposited Weld Metal
The top beads of the deposits were
optically examined and metallographic
measurements were made, following the
current guidelines (Ref. 6) of IIW SubCommission IX J, to quantify the major
microstructural components, namely:
1) Primary ferrite (PF)
2) Ferrite with second phase (FS)
3) Acicular ferrite (AF)
4) Ferrite-carbide aggregate (FC).
The point count results obtained are
plotted against weld metal titanium content in Fig. 3 and reveal a profound effect over the initial stage. In fact, the addition of approximately 20 ppm Ti was
sufficient to completely modify the microstructure from 80% FS to almost 70%
acicular ferrite. W i t h increasing titanium, the volume fraction of ferrite with
aligned and unaligned second phase (FS)
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Table 1 - - Chemical Composition and Tensile Properties
Titanium
in Coating
Code

(%)

P

0
0.1
0.2
0.4
0.8
1.2
1.6
2.4
3.6
4.8

—
—
Q

—
—
R

—
S

—

Si

Mn

C

P

S

Tjtal

1.45
1.49
1.46
1.36
1.48
1.38
1.51
1.53
1.64
1.75

0.33
0.34
0.36
0.33
0.32
0.32
0.35
0.39
0.48
0.29

N(c)

Y.S.

(ppm)

(%)
0.074
0.073
0.071
0.061
0.070
0.068
0.068
0.065
0.070
0.075

o<b>

0.005
0.004
0.004
0.005
0.005
0.004
0.006
0.005
0.005
0.006

0.005
0.007
0.006
0.006
0.006
0.005
0.006
0.006
0.006
0.005

6
16

22
28
55
77
100
140
210
255

U.T.S.

El.

(N/mm')

408
396
400
419
373
376
351
351
290
272

90
84
85
81
75
74
87
93
102
96

463
482
497
474
488
466
499
513
515
588

R.A.

(°o )

537
548
563
538
549
542
569
579
592
654

31.2
33.6
30.6
32.2
32.4
30.6
29.0
27.0
27.2
26.4

78.8
78.8
77.0
78.8
78.8
80.6
77.9
77.9
78.9
72.0

(a) ICP-AES.
(b) BALZERS.
(c) LECO.

initially increased and then subsequently decreased. Concurrent with the
latter change was a reduction in the volume fraction of primary ferrite and an
increase in the amount of acicular ferrite. Ferrite-carbide aggregate (FC) was
only observed in the essentially titanium-free deposit containing, atthe limit
of spectral analysis, 6 ppm Ti.
Photomicrographs of as-deposited
columnar regions of welds containing
6, 28, 1 00 and 21 0 ppm Ti — and designated P, Q, R and S, respectively —
are shown in Fig. 4. Of note is the coarse
structure exhibited by P and the reappearance of side plates in R. Further detail, illustrating the microstructural differences, is given in Fig. 5.

Reheated Weld Metal

Modifications were also observed in
the low-temperature reheated regions,
as shown in Fig. 7. Increasing titanium
resulted in refinement of the ferrite grains
and in a change in the morphology of
the microphases. A small amount of t i tanium (Q) reduced grain boundary cementite film and led to the formation of
degenerate pearlite, previously referred to
(Ref. 2) as bainite/pearlite (B/P). With increasing titanium (R), the latter constituent
diminished and martensite/austenite (M/A)
was retained until ultimately the structure
appeared duplex in character.

Examination of the high-temperature
reheated regions, directly below the top
beads, revealed similar changes to those
encountered in the columnar weld
metal, as illustrated in Fig. 6. The addition of a small amount of titanium (Q)
almost completely eliminated ferrite
with second phase and induced the formation of an acicular microstructure
within the proeutectoid ferrite envelopes
delineating the prior austenite grain
boundaries. A further increase of titanium caused the reappearance of ferrite
with second phase (R) and produced a
noticeable reduction in the width of the
ferrite envelopes (S).

Nonmetallic Inclusions
Deposits containing different titanium contents, namely P, Q, R and S,
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Fig. 1 — Correlation between titanium in the coating and titanium in
the weld.
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Fig. 2 — Relation between weld metal oxygen and weld metal titanium content.
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Fig. 3 — Effect of titanium on the microstructure
weld metal.
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Fig. 7 — Photomicrographs of low-temperature reheated regions at different titanium contents; P — 6; Q — 28; R — I 00; and S — 210. (630X).
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Fig. 8 — Average composition of nonmetallic inclusions plotted
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Fig. 9 — Hardness of top bead plotted against weld metal titanium content.
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Fig. 10 — Yield and ultimate tensile strengths plotted against titanium content.
were examined at Sheffield University
to determine the composition of the nonmetallic inclusions (Refs. 7, 8). Mean
analyses, derived from 25 particles in
each case, are plotted in Fig. 8. At the
lowest titanium level (P), the inclusions
were manganese silicate in combination
with a small amount of copper and sulfur (Ref. 4). W i t h increasing titanium,
M n O remained essentially constant but
S i 0 2 was progressively replaced by TiO
until finally, at 200 ppm Ti in the weld,
the three main components in the inclusions were proportionately the same.
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Fig. 11 — Charpy V-notch transition curves (different titanium
contents).

Hardness Testing

titanium content in Fig. 10 and show a
generally increasing but nonlineartrend.

Average hardness values obtained for
the top beads are plotted in Fig. 9. A
complex trend is indicated with a peak,
due to one point, at 1 6 ppm Ti, and a
progressive increase above 100 ppm Ti.
Mechanical Properties
Tensile Results
The tensile test data are presented in
Table 1. The yield and ultimate tensile
strengths are plotted against weld metal
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Impact Results
The Charpy V-notch transition curves
obtained for the ten weldments are superimposed, for the sake of clarity, on
t w o separate graphs, namely Figs. 11
and 12. The base line (P) is incorporated
in both cases and it is seen that displacement was generally beneficial
throughout, with Q in Fig. 11 exhibiting
the best notch toughness.
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Fig. 12 — Charpy V-notch transition curves (different titanium
contents).
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Fig. 13 — Effect of titanium on the Charpy V-notch temperature
couesponding to 100 and 28 J.
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O n plotting the Charpy V-notch test
temperature corresponding to an absorbed energy of 100 and 28 J (73.7 and
20.7 ft-lb) against titanium content (Fig.
13), a marked optimum was found to
occur at 30 ppm T i . Following the reversal, which continued up to approximately 1 50 ppm Ti, the situation again
finally improved.
Discussion
The present results serve to demonstrate that a small amount of titanium,
in the range up to 30 p p m , induces a
dramatic effect on the microstructure
and properties of ferritic weldments. This
amount is approximately an order of
magnitude less than that generally associated with the Ti (Refs. 9, 10) or the TiB (Refs. 1 1 , 12) system. Hart and Hutt
(Ref. 13), on the other hand, reported
that G M A welds are highly sensitive to
changes of titanium at the 10 ppm level
and concluded that close control of
Si:Mn solid wires is necessary. Similarly,
in reviewing the literature dealing with
nonmetallic inclusions, Abson (Ref. 14)
proposed, from the work of Saggese, et
al. (Ref. 7), that acicular ferrite content
is optimized when the ratio of Ti to (O
+ S) is equal to 1:1 5. O n applying this
relationship to the present data, it is predicted that the critical titanium content
is (400 + 50)/1 5, or alternatively 30 ppm.
The generally accepted hypothesis
(Ref. 1 4) is that titanium contributes to
the formation of more efficacious ferrite
nucleants and that under certain circumstances a combination is required
w i t h the correct balance of A l / O . For
submerged arc weld metal, Saggese, et
al. (Ref. 7), noted that the proportion of

600

Fig. 14 — Effect of titanium on the Charpy V-notch temperature corresponding to 100 J (superimposed results).

acicular ferrite increased progressively
as the titanium content of the inclusion
increased up to 2 % . Similarly, the present data reveal that the lower peak, exhibited by Q in Fig. 3, corresponds to a
T i O content in the inclusions of 2.4%
— Fig. 8. The attainment of a maximum
followed by an increase of ferrite w i t h
aligned second phase suggests a loss of
efficiency of the nucleants, due presumably to a thickening of the TiO layer surrounding the particles. When the T i O
concentration in the inclusions reached
1 0%, the volume fraction of acicular ferrite again increased and in all probability other surface compounds, in the form
of spinels, became operative. The reason for the reversals is not fully understood and further work is obviously required. Also, the hardness variation
shown in Fig. 9 is not accounted for,
since the lower peak does not coincide
w i t h the fluctuation in acicular ferrite
content.
The microstructure of the reheated
zones was also modified by the addition
of titanium. In the case of the high-temperature reheated region, a similar trend
was encountered as for the as-deposited
weld metal, ferrite with aligned second
phase again making a reappearance at
intermediate titanium levels. In the lowtemperature regions, the grain size tended
to decrease and the morphology of the
microphases was modified, cementite
film being successively replaced by bainite/pearlite and martensite/austenite
(Ref. 2). In general, the tensile properties
of the reheated regions increased with increasing titanium. Scatter existed, however, due to variations in M n , Si, O and
N, and no clear relationship could be derived for the limited range of titanium

contents.
Optimum impact properties were attained at 30 ppm Ti, w h i c h coincided
w i t h the acicular ferrite peak. The degree of recrystallization (Ref.1) at the
mid-weld location, however, was
7 5 - 8 0 % and the Charpy V-notch data
are more a reflection of microstructural
changes in reheated regions than in the
top bead. The initial gain could thus be
due to a reduction in the amount of cementite film and the subsequent reversal due to the reappearance of ferrite
with aligned second phase in high-temperature reheated zones. A further improvement occurred above 1 50 ppm Ti
and the existence of a higher concentration peak was confirmed by repeating
the present test series w i t h electrodes
containing a strong deoxidant, magnesium. The average oxygen was lowered
to 250 ppm, and the superimposed
notch toughness data are shown in Fig.
1 4. Of note is that both the titanium-free
condition and the lower optimum were
beneficially influenced asa result of lowering the oxygen content. On repeating
the latter series, with the addition of 25
ppm boron in the deposit, the lower optimum was deleteriously affected,
whereas the upper advanced considerably. The existence of t w o distinct o p tima is thus demonstrated and it is confirmed that the presence of titanium is a
requisite for the boron effect to be operative.
Further work is currently underway
to locate the peak conditions more accurately and to define the mechanisms.
The effect of deoxidation is being studied, as also is the influence of titanium
in combination w i t h other manganese
contents. In addition, the M n - O system
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at the zero titanium level is being investigated. Finally, it is envisaged that reheated regions can be quantified and an
explanation found for the variable effect
of postweld heat treatment.
Conclusions
For basic low-hydrogen electrodes of
a specific slag base type, the following
occurred on increasing the amount of
titanium in the coating:
1) An increasing amount of titanium
was transferred into the weld deposit.
2) The weld metal oxygen content decreased.
3) The addition of a trace amount of
titanium, of the order of 10 ppm
(0.001%), was sufficient to completely
modify the as-deposited microstructure
from 8 0 % ferrite with second phase to
60% acicular ferrite.
4) The volume fraction of acicular ferrite increased with increasing titanium
up to the 30 ppm Ti level and thereafter
decreased again.
5) At approximately 100 ppm T i , a
further progressive increase in acicular
ferrite occurred, at the expense of both
primary ferrite and ferrite with aligned
second phase.
6) The microstructure of the high-temperature reheated regions followed a
similar trend to as-deposited metal, ferrite with aligned second phase making
a reappearance at intermediate levels of
titanium.
7) The morphology of the m i crophases in the low-temperature reheated regions progressively changed,
cementite film being replaced initially
by bainite/pearlite and then subsequently by martensite/austenite.
8) The mean composition of the nonmetallic inclusions changed, S i 0 2 being
progressively replaced by TiO.
9) The hardness of as-deposited metal
generally increased.

10) The tensile properties of the weldments increased.
11) Two optima in impact properties
were encountered, one at 30 ppm Ti
(0.003%) and another in the region of
200 ppm Ti (0.02%).
1 2) The t w o optima respond differently to further microalloying.
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