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Effects of Deoxidation Practice on the 
Transformation Behavior and Toughness 

of Steel Welds 

Manganese contributes to the refinement of the weld metal 
by restricting the growth of grain boundary ferrite 

BY 0 . GRONG, T. A. SIEWERT AND G. R. EDWARDS 

ABSTRACT. The fundamental factors 
controlling the development of micro-
structures in C-Mn steel weldments were 
studied, with particular emphasis on gas 
metal arc (GMA) welding. We conclude 
that the major role of manganese in the 
weld metal transformation kinetics is to 
restrict the growth of the grain boundary 
ferrite allotriomorphs (and, indirectly, 
Widmanstatten ferrite) until the degree of 
undercooling reaches the point where 
intergranular nucleation of acicular ferrite 
is energetically feasible. Silicon, on the 
other hand, increases the growth rate of 
grain boundary ferrite and thus promotes 
the formation of proeutectoid ferrite. 

In addition, the weld metal transforma
tion behavior is strongly influenced by 
the austenite grain size formed after 
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solidification. Epitaxial grain growth plays 
a dominant role in the development of 
the weld metal austenite grain structure. 
This implies that the prior austenite grain 
size in the weld metal is closely related to 
the HAZ grain morphology. In multipass 
weldments, increased additions of man
ganese result in a refinement of prior 
austenite grain size in both the weld 
metal and the HAZ of previous weld 
passes, which counteracts the effect of 
manganese on the hardenability. Predic
tions of the final microstructures for dif
ferent combinations of alloying level and 
prior austenite grain size can be made 
adequately on the basis of well-estab
lished overall transformation kinetics the
ory. 

In the present investigation, a maxi
mum in the impact properties was 
observed at about 1.6 wt-% Mn in the 
weld metal, in agreement with that previ
ously reported for shielded metal arc 
(SMA) welding with basic electrodes. This 
manganese content seems to represent 
the optimal manganese level for C-Mn 
steel weldments, particularly with respect 
to low-temperature toughness. 

Introduction 

Although solid state transformation 
reactions in C-Mn steel welds have been 
extensively investigated for many years, 
fundamentally based predictions of the 
final weld metal microstructures and 
resulting mechanical properties are limit
ed. This situation arises mainly from a 
complex sequence of reactions that can
not readily be incorporated within a 
mathematical simulation of the process. 
Generally, the weld metal transformation 
behavior depends on complex interac
tions between several important vari
ables, such as; (1) the alloy content (Refs. 
1, 2); (2) the concentration, size distribu
tion, and chemical composition of non-
metallic inclusions (Refs. 3, 4); (3) the 
solidification microstructure (Ref. 5); and 
(4) the prior austenite grain size (Ref. 6). 
All four factors are in turn affected by the 
heat input and the deoxidation practice 
(Ref. 7). 

To clarify the factors controlling the 
development of C-Mn weld microstruc
tures, it is essential to reduce the variables 
through the choice of controlled experi-
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Fig. I — Preparation of experimental welds. A -
deposition of experimental bead 

mental weld compositions. Consequent
ly, special heats of high purity filler metals 
are required to obtain reliable data that 
can be used as a basis for a theoretical 
analysis of the process. In the present 
investigation, this approach was applied 
to C-Mn steel weldments to elucidate the 
intricate relationship between (1) deoxi
dation practice and solidification micro-
structure and (2) the resulting transforma
tion behavior of the weld deposit. 

Experimental Procedure 

Welding Performance 

For an assessment of the combined 
effects of silicon, manganese and oxygen 
on the microstructural development in 
C-Mn steel weld metals, a series of eight 
experimental 1.6-mm (JVin.) diameter 
metal-powder-filled tubular electrodes 
for GMA welding was obtained from a 

Welding of buttering layers; B — Regrooving and 

filler metal manufacturer. The target 
range in the weld metal contents of 
silicon and manganese, i.e., from 0.5 to 
1.0 wt-% Si and from 0.3 to 3.35 wt-% 
Mn, was obtained by varying the addi
tions of deoxidants to the filler. To limit 
the effective base metal dilution, a 
buttering technique was used, as shown 
schematically in Fig. 1. Specifically, the 
procedure involved welding four stringer 
beads in a 12-mm (0.47-in.) deep, 60-deg, 
single-V-groove. The 6-mm (0.23-in.) 
deep, 60-deg, single-V-groove for the 
test bead was subsequently machined 
into the buttered region. This reduced 
the dilution of the experimental weld by 
the base plate to less than 10%. Deposi
tion of the buttering and experimental 
welds was performed with a welding 
robot that allowed precise control of the 
welding variables. The operating condi
tions employed in these experiments are 
summarized in Table 1. 

Table 1—Operational Conditions Employed in the Present Investigation 

Type of Weld Buttering tayers Experimental Bead 

Amperage 
Voltage 
Travel Speed 
Heat Input 
Wire Feed Rate 
Shielding Cas 

300 A 
30 V 
5 mm/s 
1.8 kj/mm 
85 mm/s 
20 8 (Ar + 25° C02)/min 

430 A 
30 V 
5 mm/s 
2.6 kj/mm 
160 mm/s 
20 fi (Ar + 25% C02)/min 

Chemical Analysis 

Carbon, sulphur, oxygen and nitrogen 
contents were determined on individual 
analyzers, whereas an. emission spec
trometer was used for the analysis of the 
remaining elements (including silicon and 
manganese). The samples employed for 
the oxygen and nitrogen determinations 
were taken from four different positions 
along the weld. Each sample weighed 
between 0.5 and 1.0 g and included a full 
cross-section of the weld. This was done 
to obtain representative oxygen values, 
since it has been shown elsewhere that 
the oxygen content may vary significantly 
both along the length, as well as through 
the thickness of the weld (Refs. 8, 9). For 
the carbon and sulphur analyses, a similar 
procedure was followed. The results 
obtained from the chemical examination 
of the welds are given in Table 2. Also 
included in Table 2 is the chemical com
position of the base plate. 

Metallographic Examination 

The experimental welds were sec
tioned transverse to the welding direc
tion for optical metallographic examina
tion with a light microscope. The volume 
fraction of the various microconstituents 
was determined by examining 1000 
points along the weld centerline at 500 
and 1000X, using the International Insti
tute of Welding (IIW) classification guide
lines (Ref. 10). The results obtained from 
the quantification of the weld metal 
microstructures are outlined in Fig. 2. 

The weld metal prior austenite grain 
size and the average plate thickness of 
the grain boundary ferrite allotriomorphs 
were measured perpendicular to the 
growth direction of the columnar grains 
(about 1 mm/0.04 in. from the fusion 
line) in the light microscope by means of 
the linear intercept technique. The mean 
acicular ferrite lath size was determined 
using the same technique on micrographs 
taken at 1000X. The metallographic 
examination of the weldments included 
measurements of the heat-affected zone 
(HAZ) prior austenite grain size in the 
buttering welds. 

To clarify the effect of deoxidation 
practice on the resulting inclusion size 
distribution, carbon replicas were pre
pared from welds 1, 4 and 6, using the 
same extraction technique as that 
described by Liu (Ref. 11). From these 
carbon replicas, pictures were taken at a 
magnification of 3300X by means of a 
transmission electron microscope. The 
weld metal inclusion size was quantified 
from enlarged micrographs (5450X). The 
extracted particles were divided into 20 
equally spaced size classes within the 
range 0 to 2.0 fim. The upper limit of the 
first group was 0.1 Mm, and the 20th 
group consisted of inclusions with a diam-
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Table 2— 

Weld No 

1 
2 
3 ' 
4 
5 
6 
7 
8 

Base plate 

Chemical Composition^* of Welds Made with Experimental Wires Containing Balanced Additions of Silicon and Manganese 

C 

0.10 
0.10 
0.10 
0.10 
0.10 
0.11 
0.11 
0.11 
0.18 

o 

0.081 ± 0.002 
0.076 ± 0.002 
0.076 ± 0.002 
0.075 ± 0.004 
0.067 ± 0.003 
0.066 ± 0.004 
0.068 ± 0.006 
0.063 ± 0.006 
0.012 + 0.002 

Si 

1.03 
0.90 
0.80 
0.66 
0.60 
0.50 
0.46 
0.94 
0.23 

Mn 

0.33 
0.61 
1.12 
1.61 
2.17 
2.72 
3.35 
2.95 
0.90 

S 

0.017 
0.018 
0.017 
0.018 
0.018 
0.016 
0.016 
0.017 
0.040 

P 

0.014 
0.015 
0.018 
0.019 
0.022 
0.021 
0.022 
0.022 
0.028 

Al 

0.015 
0.014 
0.012 
0.013 
0.012 
0.010 
0.012 
0.020 
0.013 

Ti 

0.007 
0.006 
0.006 
0.006 
0.005 
0.004 
0.004 
0.005 
0.002 

Cr 

0.038 
0.042 
0.044 
0.050 
0.054 
0.065 
0.070 
0.066 
0.130 

Ni 

0.026 
0.029 
0.030 
0.033 
0.035 
0.048 
0.054 
0.051 
0.098 

Mo 

0.007 
0.007 
0.006 
0.006 
0.006 
0.007 
0.007 
0.006 
0.016 

Cu 

0.053 
0.053 
0.056 
0.056 
0.050 
0.061 
0.060 
0.063 
0.24 

V 

0.011 
0.012 
0.012 
0.012 
0.012 
0.012 
0.012 
0.010 
0.004 

N 

0.006 
0.008 
0.006 
0.009 
0.005 
0.006 
0.007 
0.007 
0.011 

' " 'Composit ion: weight percent. Niobium content: Less than 0.003 wt-'V> in all cases. 

eter between 1.9 and 2.0 nm. The major
ity of the particles examined were spher
ical in shape, a characteristic feature of 
manganese silicate inclusions. To obtain 
representative numbers for the true 
inclusion size distribution, at least 500 
particles were counted in each case. A 
simple computer program was then 
employed to evaluate the data recorded, 
using the equations and guidelines of 
Ashby and Ebeling (Ref. 12). Calculated 
values for the Mn/Si ratio, inclusion vol
ume fraction, number density, and aver
age spacing are given in Table 3. 

Mechanical Testing 

The weld metal toughness was as
sessed by the Charpy V-notch (CVN) test 
(Ref. 13). Full-size CVN specimens, 
10 X 10 X 55 mm (0.4 X 0.4 X 2.2 in.), 
were oriented transverse to the welding 
direction, with their upper surface 
approximately 1 mm below the base 
plate surface. All specimens were 
notched from the bottom side on the 
weld centerline, as shown schematically 
in Fig. 3. Sufficient tests were carried out 
to establish the full transition curve for 
welds 1 and 6. Selected broken CVN 
specimens were subsequently examined 
with a scanning electron microscope 
(SEM) to reveal the fracture mode. The 
weld metal hardness was measured along 
the plate centerline on a transverse 
metallographic section of each weld
ment. 

A limited number of CVN specimens 
were also subjected to a reheating ther
mal cycle by means of a thermal cycle 
simulator, as shown in Fig. 4. Five differ
ent cooling programs were used, corre
sponding to Ata/s (the cooling time from 

2 3 4 5 6 7 

Weld Number—• 
Fig. 2-Measured volume fractions of microconstituents along the weld centerline 

800° to 500°C/1472° to 932°F) equal to 
5, 10, 15, 20 and 40 s, respectively. For 
one of the cooling rates (Ats/s = 20 s), 
the transformation start and end temper
atures were determined by dilatometric 
measurements. The thermally cycled 
CVN specimens were subsequently 
notched from the bottom side on the 
weld centerline —Fig. 3. The weld metal 
toughness was assessed at —40°C 
(-40°F). 

Results 
Concentration and Size Distribution of 
Oxide Inclusions 

The combined effects of silicon and 
manganese on the resulting weld metal 

oxygen content have been discussed in a 
separate paper (Ref. 14). In that study, a 
theoretical analysis of the deoxidation 
process showed that the oxygen concen
trations of C-Mn steel weldments are 
directly related to the parameter ([% 
Si] • [% Mn]) - 0 25. As indicated in Fig. 5, 
the results of the current investigation 
agree reasonably with the previous theo
retical analysis, although the scatter in the 
data is greater compared with that 
observed for basic covered electrodes 
(Ref. 14). It is interesting to note that the 
oxygen content (varying in the range 
from 0.06 to 0.08 wt-%) is only slightly 
affected by a change in the weld metal 
manganese or silicon concentrations, 
implying that control of the oxygen level 
through additions of deoxidants is limited, 

Table 3—Calculated Values for the Mn/Si Ratio, Inclusion Volume Fraction, Number Density, 
and Average Spacing for Welds 1, 4 and 6 

Weld No. 

1 
4 
6 

Mn/Si 
Ratio 

0.32 
2.44 
5.44 

Inclusion 
Volume 

Fraction (%) 

0.81 
0.93 
0.78 

No. of 
Inclusions 
per mm3 

2.8 X 108 

2.0 X 108 

6.8 X 108 

Average Volume 
Inclusion Spacing 

Om) 
0.85 
0.95 
0.63 

Buttering Layers Experimental Bead 
a I , — 1 mm 

Fig. 3 — Schematic diagram sho wing the dimen
sions, orientation, and notch location of the 
Charpy V-notch specimens 
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Fig. 4 — The thermal programs employed in the thermal cycle experiments 

with in the composi t ions included in this 
study. 

The results f r o m the inclusion size dis
t r ibut ion measurements are out l ined in 
Figs. 6, 7 and 8. A change in the w e l d 
metal M n / S i rat io f r om 0.33 to 2.44 has 
only a minor ef fect on the inclusion size 
distr ibut ion. Wi th in this compos i t ion 
range, the arithmetic mean inclusion 
diameter increases slightly f r o m 0.38 nm 

to 0.45 ( tm, w i thou t causing a significant 
change in the resulting part icle distr ibu
t ion. In compar ison to the results present
ed in Figs. 6 and 7, the high manganese 
( low silicon) w e l d exhibits a greater c o n 
centrat ion o f small inclusions (less than 

0.2 nm in diameter), as s h o w n by the 
wel l -def ined peak in the particle f requen
cy at about 0.15 nm in Fig. 8. Howeve r , in 
all cases the diameters o f the inclusions 
fall w i th in the same range, i.e., f r o m 0.05 
to 1.4 nm, wh i ch implies that the particle 
size distr ibut ion is not significantly 
changed by an increase in the we ld metal 
M n / S i ratio. Because of the decrease in 
the average inclusion diameter at high 
manganese levels, W e l d 6 also exhibi ted 
the lowest vo lume f ract ion o f inclusions 
and the highest particle density o f the 
three welds under considerat ion, as 
shown in Table 3. Howeve r , data based 
on the total number of particles extracted 

by carbon replicas contain large inherent 
errors (Ref. 12), and should, there fore , be 
used w i th care. 

Microstructures and Prior Austenite 
Grain Size 

In Fig. 9, the observed vo lumes o f 
microconst i tuents for We lds 1 th rough 6 
have been p lo t ted against the we ld metal 
manganese content . It can be seen f r o m 
the f igure that the vo lume fract ion o f 
acicular ferr i te (AF) is contro l led primari ly 
by the manganese level and reaches a 
max imum at about 2.2 w t - % M n , cor re
sponding to 62 vo l -% AF in the deposit . 
Beyond this max imum, the rapid increase 
in the steel hardenabil i ty results in fo rma
t ion of large fractions of bainite and 
martensite —Fig. 2. At lower manganese 
concentrat ions, the AF content decreases 
o w i n g to a steady increase in the vo lume 
of grain boundary ferr i te (GF) and ferr i te 
w i th aligned second phase (AC). In the 
present investigation, the A C const i tuent 
grouping uti l ized by the IIW (Ref. 10) 
approximately represents the amount o f 
Widmansta t ten ferr i te f o r med in the 
region adjacent t o the pr ior austenite 
grain boundaries, wi th in the composi t ion 
range 0.3 t o 2.2 w t - % M n . The observed 
t rend in Fig. 9, that the w e l d metal 
contents of GF and AC can be repre
sented by one single line, simply reflects 
the fact that the format ion of grain 
boundary ferr i te is coup led w i t h the for
mat ion of Widmansta t ten ferr i te. For clar
ity, the vo lume fract ion of polygonal 
ferr i te (PF) has been omi t ted in the graph; 
however , it can be seen f r o m Fig. 2 that 

Fig. 5 — Correlation between the weld metal 
oxygen content and the deoxidation parame
ter, ([%Si] • [% Mn])'025 
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sions extracted from Weld 7 
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Fig. 7—Size distribution of nonmetallic inclu
sions extracted from Weld 4 
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Fig. 8 —Size distribution of nonmetallic inclu
sions extracted from Weld 6 

O Acicular Ferr i te 
• Ferr i te with Aligned Second Phase « 
A Grain Boundary Ferr i te 

Weld Metal Mn Content (Wt. %) «• 

Fig. 9 —Effect of manganese on the weld metal 
microstructures 

Manganese Content (WL %) * 

Fig. 10—Effect of manganese on the average 
acicular ferrite (AF) lath size 
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Fig. 11 — Optical micrographs of weld metal microstructures formed at different manganese levels. A 
Mn); C- Weld 7 (3.35 wt-% Mn). 1000X 

the content of this microconstituent is 
only slightly affected by a change in the 
weld metal manganese concentrations 
(approximately equal to 12 vol-% in all 
cases). Since manganese significantly low
ers the austenite-to-ferrite transformation 
temperature (Ref. 15), a general refine
ment of the acicular ferrite lath size is also 
observed with increasing manganese lev
els, as shown in Fig. 10. Illustrations of 
microstructures are presented in Fig. 11. 

The data obtained from the measure
ments of the weld metal prior austenite 
grain size are outlined graphically in Fig. 
12. It appears that the prior austenite 
grain size is strongly influenced by the 
manganese content; it drops from about 
125 Mm at 0.3 wt-% Mn to below 30 ,um 
at 3.5 wt-% Mn. This decrease in the 
austenite grain size with increasing man
ganese level parallels a reduction in the 
average plate thickness of the grain 
boundary ferrite allotriomorphs, as 

• Weld2 (0.61 wt-% Mn);B- Weld 4(1.61 wt-% 
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Fig. 12 — Effect of manganese on the weld 
metal prior austenite grain size 

shown in Fig. 13. Selected optical micro
graphs of the prior austenite grain struc
ture developed at different manganese 
levels in the weld metal are shown in Fig. 
14. Welds 2 and 4 were etched in a 2% 
Nital solution, whereas Weld 7 was 
etched with a saturated solution of picric 
acid containing a wetting agent to reveal 
the prior austenite grain size. 

Manganese Content (Wt.%)-—<• 

Fig. 13 —Effect of manganese on the average 
plate thickness of the grain boundary ferrite 
allotriomorphs 

Mechanical Properties 

The data obtained from the Charpy 
V-notch testing of the as-welded deposits 
(Welds 1 to 6) are plotted against the 
weld metal manganese content in Figs. 
15A and 15B (presented on two graphs 
to avoid overlap) and listed in Table 4 for 
the eight different test temperatures. It 

Fig. 14 — Optical micrographs of the weld metal prior austenite grain structure developed at different levels of manganese A — Weld 2 (0.61 
B- Weld 4 (1.61 Wt-% Mn); C- Weld 7 (3.35 wt-% Mn). 100X 

wt-% Mn); 
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Fig. 15—Effect of manganese on the Charpy V-notch toughness of 
as-welded deposits at different testing temperatures 

8 / 5 

Fig. 17 —Effect of cooling time, Ats/s, on the weld metal Charpy V-notch 
toughness of thermally cycled specimens at —40°C 

can be seen f r o m the figures that 
increased addit ions of manganese (up to 
a certain level) have a beneficial ef fect o n 
the no tch toughness by bo th enhancing 
the upper shelf energy and displacing the 
transition t o l ower temperatures. W h e n 
testing is pe r fo rmed in the upper shelf 
region, opt imal impact propert ies are 
attained at about 1.2 w t -% M n in the 
deposit , as s h o w n by the curves at 4-93° 
and 4-20°C. At lower testing tempera

tures, a max imum in the absorbed energy 
is observed at approximate ly 1.6 w t - % 
M n . Beyond these levels, manganese 
becomes deleterious to toughness, p r o b 
ably as a result of a general enhancement 
o f the we ld strength level. This conc lu
sion is suppor ted by the hardness data 
conta ined in Fig. 16, in wh ich the w e l d 
metal hardness is seen t o increase steadily 
w i t h increasing manganese concentra
tions. It should be no ted , howeve r , that 

the recorded peaks in the absorbed 
energy at 1.2 and 1.6 w t -% M n for the 
t w o di f ferent testing condit ions (i.e., the 
upper shelf region and the transition 
region, respectively) are not sharp. This 
suggests that satisfactory impact p roper 
ties can be achieved for a w ide range in 
the w e l d metal manganese concentra
t ion. 

The results obta ined f r o m the Charpy 
V-notch testing of the thermally cycled 
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Fig. 19 — Correlation between the HAZ prior 
austenite grain size at the fusion line and the 
corresponding weld metal prior austenite grain 
size 

specimens are outlined in Figs. 17A and 
17B. A change in Atg/s from 5 to 40 s has 
a significant effect on the notch tough
ness. For low and medium weld metal 
manganese contents (i.e., within the 
range 0.33 to 1.61% Mn), the absorbed 
energy decreases steadily with increasing 
Ats/s. In contrast, the two high manga
nese weldments exhibit a slight improve
ment in toughness with increasing Ata/5. 
In Fig. 18, the - 4 0 ° C data for the ther
mally cycled samples have been replot-
ted against the weld metal manganese 
content for the five different cooling 
rates. The figure shows a peak in the 
weld metal notch toughness at about 1.6 
wt-% Mn, similar to that recorded for the 
as-welded deposits in Figs. 15A and 15B. 
Moreover, it seems that an increase in 
the cooling rate generally improves the 
weld metal toughness for a manganese 
level below 1.6 wt-%. Also included in 
Fig. 18 is the corresponding Charpy V-
notch curve of the as-welded deposits 
(indicated by the heavy broken line in the 
graph). It is interesting to note that 
reheating of the weldments up to 
1350°C (2462°F) and subsequent cooling 
improves the toughness only when the 
weld metal manganese content is low 
(below about 0.7 wt-% Mn). At higher 
manganese levels a deterioration of the 
impact properties is apparent for all five 
cooling rates. 

Discussion 

Relationship between the Solidification 
Microstructure and the Prior Austenite 
Grain Size 

It is well established that initial solidifi
cation takes place epitaxially, where the 
partly melted HAZ base metal grains at 
the fusion line act as seed crystals for the 
weld metal columnar grains (Refs. 
5,16,17). As a result, the width of the 
HAZ grains determines the width of the 
columnar grains at the fusion line, which, 
in turn, affects the weld metal prior 

Table 4—Charpy V-Notch Toughnes. 

Weld No. 

1 
2 
3 
4 
5 
6 

- 9 3 ° C 

4 
3 

19 
41 
31 
11 

- 8 0 ° C 

3 
5 

34 
34 
30 
11 

W of the As-Welded Deposits 

-60 °C 

16 
8 

52 
57 
45 
10 

- 4 0 ° C 

30 
10 
62 
85 
41 
11 

- 2 0 ° C 

41 
23 
84 
88 
71 
16 

at Various Temperatures 

0 

54 
41 

123 
130 
68 
26 

+20°C 

60 
58 

147 
119 
103 
24 

+93°C 

57 
81 

149 
141 
127 
68 

(aJ In joules. 

austenite grain size (Ref. 18). Specifically 
for C-Mn steel weldments, the prior aus
tenite grain diameter is approximately 
representative of the columnar grain 
diameter developed during solidification, 
since these welds solidify directly as aus
tenite without undergoing the delta fer
rite-to-austenite transformation (Ref. 17). 
Although the important role of epitaxial 
grain growth in the development of the 
weld metal columnar grain structure has 
been recognized for many years, few 
attempts have been made to take this 
effect into account when discussing solid 
state transformation reactions in mild and 
low alloy steel weld metals. 

The relationship between the experi
mental weld metal prior austenite grain 
size and the corresponding austenite 
HAZ grain size (in the buttering passes 
close to the fusion line in Fig. 1) is shown 
in Fig. 19. A nearly one-to-one correlation 
exists between the two sets of data, 
thereby supporting the previous conclu
sion that epitaxial grain growth plays an 
important role in determining the weld 
metal prior austenite grain size. Further 
proof of this is contained in the optical 
micrograph in Fig. 20, in which the weld 
metal austenite grains are seen to grow 
directly from the HAZ grains in the 
buttering welds at the fusion line. Conse
quently, the decrease in the weld metal 
austenite grain size with increasing man
ganese content (Fig. 12) arises from a 
corresponding decrease in the HAZ aus
tenite grain size of the buttered layer. 

The effect of manganese on the HAZ 
austenite grain morphology of the 
buttering welds is mainly ascribed to a 
general refinement of the microstructure 
with increasing levels of manganese in 
the weld deposit. During reheating 
above the Aci temperature (where the 
structure can transform to austenite) 
caused by the next weld pass, this refined 
microstructure provides more austenite 
nucleation sites and so a reduced austen
ite grain size. Up to about 2.2 wt-% Mn in 
the weld metal, the nucleation rate of 
austenite is enhanced by the gradual 
increase in the acicular ferrite content. At 
higher manganese concentrations, the 
formation of a very fine network of 
martensitic laths within the weld metal 
(Fig. 11) further improves the conditions 
for nucleation of austenite. On subse

quent heating beyond the AC3 tempera
ture, the increased number of austenite 
nuclei grow to form a reduced HAZ 
austenite grain size at the fusion line in the 
presence of effective boundary piercing 
oxides. In principle, a general increase in 
the manganese level should also enhance 
the drag force exerted on the grain 
boundaries because of comigration of 
solute manganese along with the bound
aries (Ref. 19) and, consequently, restrict 
austenite grain growth at high tempera
tures, from about 1200°C (2192°F) to the 
melting point. A grain refinement effect, 
similar to that observed for manganese, is 
expected for any alloying element that 
affects the steel hardenability. 

Normally, the degree of austenite grain 
growth is also influenced by variations in 
the number density and size distribution 
of nonmetallic inclusions (Ref. 11), pro
vided that the oxygen concentration is 
below a certain threshold (roughly 0.05 
wt-%). However, owing to the character
istic high oxygen content of all weld
ments (varying in the range from 0.08 to 
0.06 wt-%), the extent of austenite grain 
growth after the solidification process 
would be expected to be minimal, even 
for the high manganese welds (Welds 6 
to 8). Under such conditions, the experi
mental weld metal austenite grain size 
should be close to the HAZ austenite 
grain size of the buttering layers at the 
fusion line, leading to the correlation 
previously observed in Fig. 19. 
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Fig. 20 —Epitaxial grain growth of columnar 
(austenite) grains from HAZ austenite grains at 
the fusion line (Weld 5). 200X 
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Fig. 21 — Effect of manganese on the measured 
parabolic growth rate constant (a) of unparti-
tioned allotriomorphic ferrite at about 730°C 
(Refs. 20, 21) 
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Fig. 22 —Effect of manganese on the transfor
mation start and end temperatures at a con
stant cooling time Atg/s = 20 s. Reaction time 
for 99% completion follows the scale on the 
right 

X=1-exp 

Fig. 23 —Straight-line relationship between vol
ume fraction of grain boundary ferrite and 
theoretical model 

Relationship between Hardenability and 
Transformation Behavior 

The weld metal transformation behav
ior is affected by both alloying additions 
and the prior austenite grain size. In steel 
metallurgy, the combined effects are 
often explained by their influence on 
hardenability, i.e., the nucleation and 
growth rates of proeutectoid ferrite. An 
approximate measure of the volume frac
tion of grain boundary ferrite, at different 
combinations of alloying level and prior 
austenite grain size, can be obtained from 
a specific form of the Avrami Equation 
(Ref. 6): 

X = 1 - exp(-2SGt) (1) 

where X is the volume fraction of allotrio
morphic ferrite, S is the grain boundary 
area per unit volume, C is the growth 
rate of ferrite, and t is the reaction time. 
This equation has been developed fur
ther by Liu (Ref. 11). By assuming site 
saturation and that the ferrite allotrio
morphs grow with parabolic kinetics as 
plates from the grain boundaries (i.e., the 
transformation is controlled by diffusion 
of carbon in the austenite), Equation 1 
can be rewritten as (Ref. 6): 

2at'' ( —Lea ' \ 
(2) 

where a is the parabolic growth rate 
constant and d is the austenite grain 
diameter. Note that Equation 2 presup
poses cylindrically shaped austenite 
grains, which is a realistic assumption for 
most steel welds (refer to the optical 
micrographs of the austenite grain struc
ture in Fig. 14). 

Data for the growth rate constant of 
unpartitioned allotriomorphic ferrite in 
the ternary system Fe-C-Mn are available 
in the literature. The effect of manganese 
on the growth rate constant at about 
730°C (1346°F) is shown in Fig. 21, using 
selected values for a from Purdy, Wei-
chert, and Kerkaldy (Ref. 20) and Kinsman 
and Aaronson (Ref. 21). The data con
tained in Fig. 21 were obtained on the 
basis of linear extrapolation from higher 
carbon contents down to 0.11 wt-% C. 

Here, manganese significantly reduces 
the growth rate of unpartitioned grain 
boundary ferrite, in agreement with pre
dictions from overall transformation 
kinetics theory (Ref. 22). Consequently, 
these results qualitatively explain the 
observed decrease in the average plate 
thickness of the grain boundary allotrio
morphs with increasing manganese con
tents (shown in Fig. 13). The use of a 
constant, average value for a under non-
isothermal conditions cannot readily be 
justified on theoretical grounds. Howev
er, considering the uncertainty that is 
inherent in the isothermal growth rate 
constants presented in Fig. 21, we believe 
that this approximation does not signifi
cantly decrease the accuracy of the cal
culations. 

Estimation of the reaction time, t, in 
Equation 2 can be made from the dila
tometry data for transformation start and 
end temperatures contained in Fig. 22. 
The cooling time from 800° to 500°C 
employed in these measurements (i.e., 
Ats/s = 20 s) is approximately representa
tive of the actual weld cooling program. 
Figure 22 outlines the correlation 
between the transformation start and 
end temperatures and the weld metal 
manganese content. Included in the fig
ure is also a plot of the reaction time for 
99% transformation (indicated by the 
heavy broken line in the graph), which in 
the following analysis is taken equal to 
the growth time of the grain boundary 
ferrite allotriomorphs. 

By inserting appropriate numbers for 
d, a and t from Figs. 12, 21 and 22, 
respectively, into Equation 2, the volume 
fraction of grain boundary ferrite was 
calculated for different levels of manga
nese in the weld metal and compared in 
Fig. 23 with the corresponding measured 
values. It can be seen from Fig. 23 that 
the data fit a straight line. However, the 
calculated values for the grain boundary 
ferrite content are consistently lower 
than the measured ones. This discrepan
cy probably arises from the fact that 
silicon (unlike manganese) strongly 
enhances the growth rate of allotrio
morphic ferrite, in contrast to the binary 

system Fe-C (Ref. 21). Since the weld 
metal silicon content lies in the range 0.5 
to 1.0 wt-% for all six welds under con
sideration, it is reasonable to assume that 
the actual growth rates of grain boundary 
ferrite for these welds are significantly 
higher than those reflected in Fig. 21. 
Nevertheless, the above calculations 
clearly illustrate the important role of 
manganese in restricting the growth of 
the grain boundary ferrite allotriomorphs. 
Moreover, a reduction in the volume 
fraction of grain boundary ferrite will 
automatically lead to a corresponding 
decrease in the Widmanstatten ferrite 
content (Fig. 9), which means that manga
nese also indirectly controls the forma
tion of Widmanstatten ferrite at the grain 
boundaries. 

Normally, silicon is also considered to 
influence hardenability, owing to the pos
sibility for partitioning of silicon between 
the austenite and the ferrite (Ref. 19). The 
partitioning of silicon (requiring diffusion 
of silicon across the austenite-ferrite 
interface into the ferrite) is only observed 
in rare cases, however, and consequently 
the ability of silicon to affect steel harden
ability in general has been questioned by 
Aaronson and Domian (Ref. 23). In addi
tion, considering the characteristic rapid 
transformation rates of most steel weld 
deposits, it is unlikely that the partitioning 
of silicon or any alloying element other 
than carbon can play a critical role in the 
weld metal transformation kinetics. Thus, 
the major effect of silicon on the transfor
mation behavior of C-Mn steel weld
ments is to enhance the formation of 
grain boundary ferrite (and, indirectly, 
Widmanstatten ferrite) at the expense of 
acicular ferrite. This conclusion contra
dicts the results of Evans (Ref. 2). Howev
er, this inconsistency probably arises 
from the fact that silicon may indirectly 
affect the prior austenite grain size and, 
therefore, the hardenability through a 
reduction in the weld metal oxygen con
tent. In Evans's experiments with basic 
covered electrodes (Ref. 2), the weld 
metal oxygen content varied systemati
cally with silicon and dropped from about 
0.05 wt-% O at 0.2 wt-% Si to approxi-
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mately 0.03 wt-% O at 0.9 wt-% Si. At 
such low oxygen levels, the prior austen
ite grain size increases steadily with 
decreasing oxygen concentrations (Refs. 
6,11), Owing to a rapid decrease in the 
total number'of effective grain boundary 
pinning oxides. Accordingly, if the reduc
tion in the austenite grain size is greater 
than the corresponding increase in the 
growth rate of the grain boundary ferrite 
(i.e., the ratio a/d in Equation 2 becomes 
smaller with increasing silicon levels), it is 
possible that silicon can indirectly 
enhance the hardenability and thus the 
formation of acicular ferrite. 

Moreover, variations in the concentra
tion and size distribution of nonmetallic 
inclusions may strongly affect the condi
tions for intragranular nucleation of acicu
lar ferrite (Ref. 3). However, on the basis 
of the experimental data contained in 
Figs. 5 through 8, it is apparent that the 
concentration and size distribution of 
oxide inclusions are only slightly affected 
by the changes in the weld metal deoxi
dation chosen in this study. Consequent
ly, the conditions for intragranular nucle
ation of acicular ferrite should be approx
imately the same for all six welds under 
consideration. This implies that formation 
of high proportions of acicular ferrite in 
C-Mn steel weldments is contingent upon 
restricting the growth of grain boundary 
ferrite/Widmanstatten ferrite through 
the addition of manganese until the 
required degree of undercooling for 
nucleation of acicular ferrite on inclusions 
is reached. An inspection of the transfor
mation start and end temperature curves 
in Fig. 22 at 2.17 wt-% Mn (the optimum 
manganese level with respect to forma
tion of acicular ferrite) indicates that 
nucleation of acicular ferrite on manga
nese silicates occurs in the temperature 
range from 650° to 550°C (1202° to 
1022°F). It should be noted that under 
the prevailing deoxidation conditions 
(about 0.015-0.020 wt-% Al and 0.004-
0.006 wt-% Ti), titanium would also be 
expected to play an active role in nucle
ation of acicular ferrite by forming a thin 
layer of titanium monoxide around the 
inclusions (Ref. 7). Accordingly, the char
acteristic high temperature range for the 
acicular ferrite transformation observed 
in the present investigation may arise 
from a general reduction in the energy 
barrier for ferrite nucleation at the inclu
sions caused by the small lattice disregis-
try between TiC>2 and ferrite. Further 
investigations are, however, required to 
confirm this assumption. 

Factors Controlling the 
Weld Metal Toughness 

Generally, a microstructure consisting 
primarily of acicular ferrite provides opti
mal weld metal mechanical properties, 
both from a strength and toughness point 

Fig. 24 - SEM fractographs of Charpy V-notch specimens tested at —40°C. A — Weld 4(1.61 wt-
Mn); B- Weld 5 (2.17 wt-% Mn). 1200X 

of view, by virtue of its small grain size 
and high angle grain boundaries. The 
formation of large proportions of upper 
bainite, ferrite side plates, or grain bound
ary ferrite are, on the other hand, consid
ered detrimental to toughness. These 
structures provide favorable crack prop
agation paths, especially when continu
ous films of carbides are present 
between the ferrite laths or plates (Refs. 
1, 3). Consequently, control of the weld 
metal acicular ferrite content through 
proper alloying is essential to obtain the 
desired quality of the weldment. 

The peak in the weld metal impact 
properties, observed in the present 
investigation at about 1.6 wt-% Mn when 
testing is performed below room tem
perature (Fig. 15), is consistent with the 
results previously reported by Evans (Ref. 
1) for SMA welding of C-Mn steels. How
ever, considering the difference in deoxi
dation practice (oxygen and silicon level) 
and heat input between these two inves
tigations, the above rinding is rather sur
prising. The obvious conclusion is, there
fore, that a manganese content of 
approximately 1.5 to 1.6 wt-% Mn repre
sents the optimal manganese level with 
respect to low-temperature toughness 
for C-Mn steel weld deposits. This infer
ence is supported by the results obtained 
for the Charpy V-notch testing of the 
thermally cycled specimens (Fig. 18), 
which clearly showed that the peak in the 
impact properties at about 1.6 wt-% Mn 
is only slightly reduced by a change in the 
weld cooling rate within the range 5 
s ^ At8/5 ^ 20 s. 

As previously reported by Evans (Ref. 
1), the recorded maximum in toughness 
at 1.6 wt-% Mn probably arises from the 
competitive influences of a more favor
able microstructure on the one hand and 
increasing weld hardness on the other, as 
indicated by the microstructure and hard
ness data in Figs. 9 and 16, respectively. 
Further proof of this fact is contained in 

the SEM fractographs in Fig. 24. It is 
interesting to note that an increase in the 
weld metal manganese concentration 
from 1.6 to 2.17 wt-% Mn results in a shift 
in the fracture mechanism from a pre
dominantly microvoid coalescence mode 
to a cleavage mode, in spite of the higher 
acicular ferrite content in the latter 
weld. 

Conclusions 

1. Variations in the weld metal deoxi
dation practice do not result in a signifi
cant change in the concentration and size 
distribution of nonmetallic inclusions 
within the composition range examined, 
i.e., 0.3 to 3.3 wt-% Mn and 1.0 to 0.5 
wt-% Si. 

2. The weld metal prior austenite grain 
size is closely related to the H-\Z grain 
morphology, since epitaxial grain growth 
(from the buttering layers) plays a domi
nant role in the development of the 
austenite grain structure. In multipass 
weldments, increased additions of man
ganese result in a refinement of both the 
HAZ and the weld metal prior austenite 
grain size, which counteracts the effect 
of manganese on the hardenability. 

3. The major role of manganese in the 
weld metal transformation kinetics is to 
restrict the growth of the grain boundary 
ferrite (and indirectly, Widmanstatten fer
rite) until the degree of undercooling 
reaches the point where nucleation of 
acicular ferrite on inclusions is energetical
ly feasible. In the case of manganese 
silicate inclusions, with or without a thin 
cover of TiC>2, intragranular nucleation of 
acicular ferrite takes place in the temper
ature range of about 650= to 550°C 
(1202° to 1022°F). The shift, observed 
with increasing manganese concentra
tions, from predominantly proeutectoid 
to acicular ferrite occurs in parallel with a 
general refinement of the microstruc
ture. 
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4. The comb ined effects o f alloying 
level and prior austenite grain size on the 
hardenabil i ty and the deve lopment o f 
we ld metal microstructures can be ade
quately assessed in terms of wel l-estab
lished overall t ransformat ion kinetics the
ory. 

5. In the present investigation, a peak 
in the impact propert ies was observed as 
about 1.6 w t -% M n in the w e l d metal , 
wh ich is in agreement w i th that previous
ly repor ted for SMA weld ing w i th basic 
electrodes. Indications are that this man
ganese content , wh ich arises f r o m the 
compet i t ive influences of hardness and 
microstructure, represents the opt imal 
manganese level w i th respect to l o w 
temperature toughness for C-Mn steel 
we ldments in general. 
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