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The Role of Inclusions in Controlling HSLA 
Steel Weld Microstructures 

Nucleation of acicular ferrite is accelerated when there is a combination 
of large austenite grains and a high density of intragranular inclusions 

BY S. LIU AND D. L. OLSON 

ABSTRACT. The effects of inclusions on 
acicular ferrite formation in niobium 
microalloyed steel submerged arc weld 
metal were investigated using experimen
tal chemical reagent grade fluxes from 
the CaF2-CaO-Si02 system. Five different 
electrode wires were used. Direct rela
tionships between (1) weld metal oxygen 
and inclusion content and (2) inclusion 
density and weld metal microstructure 
were established in this investigation, 
explaining why it is possible to relate 
microstructure to weld metal oxygen 
content, although the inclusion density 
correlation would be fundamentally 
more correct. Finer particles and larger 
size variations were seen in the high 
oxygen weld metal. The mean particle 
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size of the weld metal inclusions 
decreased with increasing concentration 
of oxygen. Inclusions were found located 
at the grain boundaries or within the 
austenite grains. Depending on the size 
distribution, the partition of the inclusions 
to the boundary and to the interior of the 
grains may be different. An optimum 
inclusion size distribution to obtain a large 
volume fraction of acicular ferrite is the 
one that contains a low percentage of 
fine size particles, with the inclusion pop
ulation sizes resembling a normal, or 
close to normal, distribution. The combi
nation of large austenite grains and high 
intragranular inclusion density is the key 
to obtaining a refined microstructure. The 
strain energy contribution to the total 
free energy of austenite decomposition 
due to the inclusion/matrix differential 
thermal contraction effect was found to 
be insignificant when compared with the 
austenite to ferrite transformation vol
ume free energy term. 

Introduction 

Factors affecting HSLA steel weld metal 
toughness have been studied, and acicu

lar ferrite was found to be the constituent 
responsible for the high toughness (Refs. 
1-6). Acicular ferrite is randomly oriented 
short ferrite needles which are formed 
intragranularly. The interlocking nature of 
acicular ferrite, together with its fine grain 
size, provides the maximum resistance to 
crack propagation by cleavage. For this 
reason, it has become increasingly impor
tant to understand the factors which 
would maximize the volume fraction of 
acicular ferrite in the weld metal. 

In addition to the hardenability agents, 
such as carbon, manganese, chromium, 
etc., weld metal oxygen also affects the 
microstructures and the mechanical 
properties of steel weld metal. Oxygen 
can exist in a metal in the form of solid 
solution element, or in a combined form 
as inclusions. Due to the low oxygen 
solubility in iron, only very low free 
oxygen content, i.e., in the uncombined 
state, can be expected. A major amount 
of the oxygen is present as oxide or 
oxy-sulfide inclusions resulting from reac
tions of oxygen with iron alloying ele
ments such as silicon, manganese and 
aluminum in the molten weld pool. In the 
submerged arc welding process, when 
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Fig. 1—Schematic CCT diagrams showing the influence of oxygen on the weld metal phase transformations. A —High oxygen regime; B—Medium 
oxygen regime; C—Low oxygen regime 

given enough time, the inclusions will 
grow in the melt and separate from the 
bulk of the weld pool to the layer of 
molten slag covering the weld puddle. 
The separation of slags can take place as 
a result of weld pool fluid flow or particle 
flotation (Refs. 7, 8). However, solidifica
tion in submerged arc weld metal is 
extremely fast and inclusions may 
become trapped. The presence of these 
second phase particles will affect both 
the mechanical properties and the phase 
transformation of the weld metal. 

In the early 1960's, investigators (Refs. 
9-13) determined that mild steel weld 
metal contained nonmetallic inclusions of 
sizes ranging from a few tenths to several 
microns. Most of the inclusions were 
observed to be oxides and spherical in 
shape. An alignment of inclusions in rows 
suggested that they were formed prior to 
or during solidification (depending on the 
alloy composition). In the early 1970's, 
Boniszewski (Ref. 14) did electron diffrac
tion studies of carbon extraction replicas 
from mild steel weld metal and deter
mined that fine particles (0.005-0.060 
micron) were cubic spinel MnO • Fe203 
mixed with some Fe2Si04 cubic silicate. 

However, it was not until the late 
1970's that the problem of weld metal 
inclusions affecting ferrite nucleation was 
considered in more detail, showing that 
inclusion particles can affect phase trans
formations by providing suitable nucle
ation sites. Different mechanisms were 
proposed. Abson, Dolby and Hart (Ref. 2) 
and Abson (Ref. 15) showed that the 
weld metal oxygen content affects main
ly the position of the nucleation curve for 
the acicular ferrite phase field. Schematic 
CCT diagrams in Fig. 1 show the influence 
of weld metal oxygen on the austenite to 
ferrite phase transformation. The authors 

defined three regimes of transformation 
behavior with respect to the level of 
oxygen. In the low weld metal oxygen 
content regime (<200 ppm), acicular fer
rite nucleation is restricted because of 
insufficient nucleants. As a result, Wid
manstatten ferrite and bainite are the 
predominant microstructures —Fig. 1A. 
Ferrite nucleation probably occurred on 
inclusions associated with the austenite 
grain boundaries. In the intermediate 
weld metal oxygen content regime, intra
granular acicular ferrite is the predomi
nant microstructure. However, grain 
boundary ferrite, ferrite sideplates and 
sometimes bainite are also present — Fig. 
1B. Nucleation probably occurred on 
inclusions lying at the prior austenite grain 
boundaries, resulting in grain boundary 
ferrites. Acicular ferrite was suggested to 
have nucleated on intragranular inclu
sions in a subsequent stage. In the high 
weld metal oxygen regime, inclusions 
lying within the grain boundaries are 
considered to be ferrite nucleation sites. 
It was suggested that the grain boundary 
ferrite nucleated and thickened in a direc
tion perpendicular to the grain boundary. 
Widmanstatten sideplates, in the form of 
parallel laths, grow across the grain 
boundary. Some coarse intragranular 
laths may also be observed — Fig. 1C. 

Cochrane and Kirkwood (Ref. 3) also 
suggested that oxygen in solution should 
not be considered as the primary variant, 
and that the early nucleation of primary 
ferrite at the austenite grain boundaries 
prior to the growth of the sideplates is in 
some way associated with the distribu
tion and nature of weld metal inclusions 
in the higher oxygen deposits. Like 
Abson, et al. (Refs. 2,15), they also raised 
the possibility of inclusion size distribution 
affecting the weld metal phase transfor

mation. 
Ricks, Barritte and Howell (Ref. 16) 

studied the influence of second phase 
particles on phase transformations in 
steels. They concluded that inert, non-
deformable inclusions are always less 
effective sites for nucleation than grain 
boundaries. Nucleation on inclusions 
could only occur when site saturation of 
the boundaries had taken place. 

Inclusion-assisted nucleation is a heter
ogeneous process in which interfacial 
energy at the nucleating interface is one 
of the major controlling factors. Lattice 
disregistry can be considered as one of 
the contributing factors. Disregistry can 
be expressed by the Turnbull equation: 

8 = 
Aa0 

(1) 

where Aa0 is the difference between the 
lattice parameters of the substrate and 
the nucleated solid for a low index plane, 
and a0 is the lattice parameter for the 
nucleated phase. Bramfitt (Ref. 17) modi
fied Equation 1 and showed that the 
effectiveness of a compound as a nucle
ating agent is related to the lattice dis
registry between the nucleating agent 
and the nucleating phase. The greater the 
disregistry between the substrate and the 
nucleating phase, the less effective the 
compound is in promoting nucleation. 

Ito and Nakanishi (Ref. 18), Koukabi, et 
al. (Ref. 19), and Kanazawa, et al. (Ref. 
20), suggested that TiN was an effective 
nucleating agent for acicular ferrite during 
the austenite decomposition. Heintze and 
McPherson (Ref. 21) reported the same 
findings, that TiN acted as a weld metal 
grain refining agent and that the effec
tiveness of titanium addition is enhanced 
in the presence of aluminum and boron. 
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However, Mori, ef al. (Ref. 22), showed 
that an increase in nitrogen in the weld 
metal did not bring any microstructural 
change except for an increase in proeu
tectoid ferrite. Instead, they demon
strated that titanium containing oxides 
can nucleate acicular ferrite within the 
austenite grains. Using the model devel
oped by Bramfitt (Ref. 17), the disregis-
tries between several oxides and nitrides 
(the nucleating agents) and ferrite (the 
nucleated phase) were determined. 
Among the inclusions that were identified 
to be associated with high volume frac
tions of acicular ferrite, i.e., fe^C, TiO, 
Ti203, FeO • T i0 2 , a-AI203, titanium 
monoxide has the smallest disregistry 
with ferrite, approximating three percent. 
They proposed then that titanium mon
oxide existed on the surface of oxide 
particles with high potency of nucleating 
acicular ferrite. However, no substantial 
experimental evidence could be supplied 
with respect to the surface titanium mon
oxide layer. Opposite to titanium monox
ide, aluminum oxide and zirconium diox
ide have the largest disregistries with 
nucleated ferrite, approximately 30 per
cent. 

Along with the lattice disregistry mod
el, the inclusions type was also consid
ered to affect the weld metal ferrite 
formation. Keville and Cochrane (Ref. 23) 
determined that inclusions rich in alumi
num oxide are typically related to welds 
which were made with basic fluxes, while 
aluminum oxide inclusions with MnS are 
associated with acidic fluxes. They sug
gested that the behavior can be related 
to weld pool deoxidation (Ref. 23). Using 
particle scanning electron microscopy, 
Pargeter (Ref. 24) determined the chemi
cal compositions of the inclusions and 
observed the following relationships. 
Grain boundary ferrite and ferrite side
plates are usually associated with inclu
sions with manganese and silicon, with or 
without sulfur. Acicular ferrite appeared 
to be associated with aluminum-bearing 
particles. 

Devillers, ef al. (Ref. 25), found that 
acicular ferrite nucleated, in particular, at 
aluminum manganese silicate inclusions 
which were not covered by sulfur coat
ing and which contained some titanium. 
Aluminum oxide particles were found, 
however, not to favor intragranular fer
rite nucleation. Ricks, ef al. (Ref. 26), 
detected the presence of manganese 
sulfide on the surface of some of the 
inclusions. They also observed a decrease 
in the inclusion titanium content in the 
sulfide coated particles. Cochrane, Ward 
and Keville (Ref. 27) and Sagesse, ef al. 
(Ref. 28), reported that large proportions 
of acicular ferrite were obtained in the 
welds which contained stoichiometric 
alumina or alumina rich inclusions. These 
observations, sometimes contradictory, 
seem to indicate that the idea of specific 

types of inclusions being associated with 
particular microstructures may not be 
generally valid. Instead, it suggests that 
the effectiveness of inclusions on phase 
transformation behavior may depend on 
tramp elements (either in the form of 
surface coating or other ways) rather 
than on the macroanalysis of the inclu
sions. 

It also became quite clear that acicular 
ferrite formation is a complex phenome
non with multiple factors and mecha
nisms operating simultaneously. Several 
other mechanisms suggested are summa
rized below. Harrison and Farrar (Ref. 29) 
correlated weld metal oxygen content 
with austenite grain size. A reduction in 
oxide inclusion content (by laser remelt
ing of the weld metal) developed large 
austenite grain size, suggesting that the 
inclusions may have significant effect on 
the grain boundary pinning. They con
cluded that the austenite to ferrite trans
formation temperature change was due 
to the interaction of inclusions with aus
tenite grain boundaries. Higher oxygen 
welds, i.e., higher inclusion content, tend 
to reduce the austenite grain size and, 
therefore, favor high temperature trans
formation. Nucleation of acicular ferrite is 
aided by inclusions not associated with 
the prior austenite grain boundaries. 
Complete removal of the inclusions 
would lead to the development of bain
ite. Ferrante and Farrar (Ref. 30) also 
observed similar effects. They concluded 
that grains of diameters larger than 45 
microns tended to produce acicular fer
rite. Cochrane, Ward and Keville (Ref. 
27), however, reported that for welds 
made on plates with a low aluminum 
level in spite of smaller austenite grain 
boundary surface areas, the austenite to 
ferrite transformation temperatures were 
observed to be lower. From this, they 
concluded that the grain boundary pin
ning is not the sole effect, and that the 
inclusion types present in the low alumi
num weld are most effective in promot
ing ferrite nucleation at prior austenite 
grain boundaries. 

Ferrante and Farrar (Ref. 30) reported 
that the mean inclusion diameter 
increased as the weld metal oxygen con
tent increased. Cochrane, Ward and 
Keville (Ref. 27) also reported similar 
results. Ahlblom, et al. (Ref. 31), con
cluded in their recent publication that 
high fractions of acicular ferrite were 
often seen associated with small (aver
age) diameter inclusions. They also found 
that the presence of rather coarse inclu
sions was generally associated with 
polygonal ferrite nucleation. 

Another aspect that is often men
tioned is that inclusions can accelerate 
nucleation through the difference in the 
thermal expansion behavior of the inclu
sions and matrix. The thermal expansion 
coefficient of the iron matrix (austenite) is 

much higher than that of the oxide inclu
sions (Ref. 32). During cooling, the aus
tenite matrix is strained at the presence of 
inclusions and accelerates its transforma
tion into ferrite. The local stresses around 
the inclusions can be so high that the 
matrix adjacent to the particles becomes 
plastically deformed. The lattice distor
tion in'the vicinity of the dislocations can 
assist nucleation in various ways, namely, 
by reducing the total strain energy of the 
embryo and by providing growth 
enhancement of the embryo through the 
dislocation pipe diffusion mechanism. 
Considering the nature and magnitude of 
these stresses, Brooksbank and Andrews 
(Ref. 32) determined that such stress 
could also be responsible for crack initia
tion. 

The main objective of this investigation 
is to examine in detail the effects of 
inclusions on HSLA steel weld metal 
phase transformation and to determine 
the influence of the inclusion size distribu
tion on the austenite to ferrite transfor
mation. 

Experimental Procedure 

The base metal chosen was a niobium 
microalloyed steel. Five commercial elec
trode wires were used to make the 
welds. The compositions of the base 
metal and the filler wires are given in 
Table 1. The CaF2-CaO-Si02 flux system 
was selected because of its low oxygen 
activity and its ability to produce low 
oxygen welds. Based on the preliminary 
flux behavior studies (Ref. 33) and weld 
metal microstructural and toughness anal
yses results (Ref. 6) from bead-on-plate 
and double V-grooved welds, four fluxes 
were selected to perform a complete 
series of welding experiments producing 
different levels of weld metal oxygen 
contents —Fig. 2. For investigating the 
inclusions behavior only one set of data 
(welds made with Flux No. 13) will be 
discussed. 

Single V-grooved welds were made on 
!/2 in. (13 mm) thick 15 X 4.5 in. 
(380 X 110 mm) strips. In order to avoid 
contamination of the weld joints from mill 
scales, rust and edge preparation, the 
surfaces of the plates were also 
machined. The joint geometry is shown 
in Fig. 3. In addition to the welds men
tioned above, a bead-on-plate weld 
made with commercial consumables 
(containing titanium, boron and other 
microalloying elements) using a heat input 
of 2.9 kj /mm (74 kj/in.) was also included 
in this study. The chemical composition 
of this second base metal and the titani
um-boron electrode wire can also be 
found in Table 1. Together with other 
specifications, the welding variables used 
are listed in Table 2. 

Quantitative metallography work was 
done on all the weldments. Transverse 
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Table 1—Chemical Compositions of the Base Metals and the Welding Consumables Used(a) 

Base 
Metal 2 

Mn Cu Cr \ i Mo 
Base 
Metal 1 

E70S3 
E70SC 
EH 14 
EM 5K 
TiBOR 22 

0.140 

0.124 
0.066 
0.113 
0.036 
0.058 

1.250 

1.152 
1.690 
2.004 
1.169 
1.480 

0.220 

0.560 
0.610 
0.012 
0.446 
0.035 

0.008 

0.021 
0.016 
0.004 
0.008 
0.008 

0.008 

— 
0.028 
0.078 
0.016 
0.006 

0.210 

0.070 
0.020 
0.180 
0.020 
0.770 0.117 0.100 0.330 

0.093 1.580 0.200 0.012 

Al 

0.140 0.170 0.030 0.019 

- 0.010 
- - - 0.010 

0.100 
0.028 

0.008 0.120 0.120 0.120 0.210 0.056 

0.083 
0.031 

Zr V Nb 

- 0.029 

0.065 
70 

OP121 TT<b> 
Si02 

10.7 
AI2O3 
17.3 

MgO 
31.0 

CaO 
6.6 

MnO T i0 2 

1.1 0.86 
CaF2 

24.1 
Na 20 
0.78 

Fe203 

1.9 
C 
0.35 

^'Concentrat ion expressed in weight percent, except b o r o n - p p m . 
tb)Typical analysis. 

Fig. 2 - Partial ternary diagram for Ca?2-CaO-Si02 system sho wing the nominal compositions of the 
28 fluxes melted. (0 — Fluxes used in welding experiments) 

sections w e r e cut and their surfaces pre
pared for metal lographic examinat ion. 
The metal lographic study also invo lved 
prior austenite grain size determinat ion. 
Due to sectioning or ientat ion ef fect , the 
measurement o n a transverse section 
may not cor respond to the t rue austenite 
grain size. There fore , sections parallel to 
the fusion line (perpendicular t o the 
columnar grains) w e r e prepared and 
approximately equiaxed austenite grains 

w e r e observed and measured. Figure 4 
shows this section v i ew w i t h the del in
eated equiaxed grain structure. Thermal 
g roov ing techniques w e r e also used to 
duplicate the grain size measurements. 

High magnif icat ion light micrographs o f 
pol ished and unetched we ld samples 
w e r e obta ined for the inclusion analyses. 
The values de termined by light microsco
py fo r the inclusions vo lume f ract ion, 
areal density, and linear density w e r e t o o 

Fig. 3 — Joint geometry of the single V-groove welds 

l o w and consequent ly not used for fur
ther analysis. 

Carbon extract ion replicas w e r e made 
on the welds in order to examine the 
inclusions and other second phases. A 
Phillips 400 TEM was used in the determi 
nat ion o f the sizes, number densities, 
vo lume fract ions, and the geometr ical 
shapes of the inclusions. The phases asso
ciated w i th the inclusions w e r e also 
examined. For the size distr ibut ion deter
minat ion and the calculation of vo lume 
f ract ion, number density, and the mean 
particle size of the inclusions, the Ashby 
and Ebeling equations (Ref. 34) w e r e 
used. 

Chemical analyses o f the welds w e r e 
pe r f o rmed w i t h a Baird A tomic Spectro-
vac M o d e l 1000 emission spect rometer . 
W e l d metal oxygen, n i t rogen and carbon 
contents we re de termined using Leco 
interstitial analyzers. 

Results and Discussion 

To study the relationship b e t w e e n 
we ld metal compos i t ion and microstruc
ture, carbon equivalent type equations 
w e r e used. Several d i f ferent fo rms of CE 
equations (Refs. 35-39) can be f ound in 
the l i terature, but only the Pcm equat ion 

M n + Cr + Cu Si 
Pcm = C + 4- — (2) 

20 30 

V M o Ni 
+ — + + — + 5B 

10 15 60 

w h e r e the elements are represented in 
weight percent , was included in this dis
cussion because it covers the major ele
ments in the w e l d metal . Mos t of the CE 
type equations d o not take into consider
ation the we ld cool ing rate, prior austen
ite grain size, inclusion effects, etc., but 
l i terature data (Refs. 27, 40) s h o w e d a 
clear t rend that w i t h increasing carbon 
equivalent, there is an initial increase in 
the acicular ferr i te content , f o l l o w e d by 
progressively increasing amounts of bain
ite and martensite. 
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Table 2—Operating Variables Used to Make the Weld Specimens for this Inclusion 
Investigation 

Base Metal 1 
Flux 13 

E70S3 

S313H 

E70SG 

SC13H 

EH 14 

EH13H 

EM 5K 

EM13H 

TiBOR 22 

Ti I3H 

Welding Current: 310 A 
Welding Voltage: 35 V 

Travel Speed: 4.4 mm/s 
Heat Input: 2.5 k j /mm (62 kj/in.] 

Base Metal 2 
OP121 TT 

TiBOR 22 

TiOeH 

Welding Current: 530 A 
Welding Voltage: 30 V 

Travel Speed: 5.2 mm/s 
Heat Input: 3.0 k j /mm (76 kj/in.] 

Fig. 4 —Schematic diagram and light micrograph showing the sample preparation and the 
microstructural aspects of prior austenite grain size determination 

The same tendency, howeve r , was not 
observed in this w o r k . Figure 5 is a plot 
showing the correlat ion b e t w e e n vo lume 
f ract ion of acicular ferr i te and Pcm. W i th in 
the range of Pcm values cons idered, a 
large scatter in acicular ferr i te was 
observed , f r o m 40 to above 80 percent . 
In o ther wo rds , Pcm alone is insufficient t o 
characterize the w e l d metal microstruc
ture , even w h e n the cool ing rate is main
tained constant, as in the we ldments 
under investigation. T w o representat ive 
w e l d metal micrographs of l o w and high 
vo lume fract ion of acicular ferr i te are 
shown in Fig. 6. 

For a similar chemical compos i t ion and 
cool ing rate, larger austenite grain size 
steels usually show higher hardenabil i ty 
due to a smaller grain surface area to 
vo lume ratio ( lower surface nucleat ion 
site availability). Consequent ly , less grain 
boundary ferr i te can be expec ted in the 
final microstructure. Vo lume fract ions of 
pr imary ferr i te (here def ined as the sum 
of grain boundary ferr i te and W i d m a n 
statten sideplates) w e r e p lo t ted in Fig. 7 
as a funct ion of measured pr ior austenite 
grain sizes. W i t h increasing pr ior austen
ite grain size, the amount o f pr imary 
ferr i te was observed to decrease. In the 
case of acicular ferr i te, the opposi te 
t rend appeared to be t rue, a l though w i th 
a larger scatter. Howeve r , examining the 

welds SG13H, Ti13H and T i O e H , wh ich 
s h o w e d similar Pcm and pr ior austenite 
grain sizes, the w e l d metal microstruc
tures w e r e very di f ferent , vary ing f rom 
40 to above 80 percent of acicular ferr i te. 
This indicates that some other factors (or 
combinat ion o f factors) must also c o n 
t r ibute to the final microstructure. 

The grain boundary ferr i te t ransforma
t ion can be descr ibed as a t w o step 
process: 

1) Nucleat ion along the austenite grain 
boundaries. 

2) G r o w t h in a di rect ion perpendicular 
t o the interface, into the austenite 
grain. 

If nucleat ion is assumed to be easy and 
site saturation occurs readily, the p r o b 
lem in quest ion resembles that of surface 
nucleat ion w h e r e the grain surface wil l be 
cove red by a layer o f t rans formed mate
rial. Further assumptions made are that 
a l lo t r iomorph g r o w t h is di f fusion con 
tro l led and that austenite grains are cylin
drical in shape. Using the Avrami type 
equat ion approach , the fo l low ing expres
sion was ob ta ined: 

X = 1 - exp ( ^ r ^ ) (3) 

w h e r e X is the vo lume fract ion of grain 
boundary ferr i te t ransformed, t is the 
cool ing t ime f r o m 800° to 500°C (1472° 
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Fig. 5-Effect ofPcm on the weld metal acicular 
ferrite content 

Fig. 6—Light micrographs illustrating the low 
and high volume fractions of acicular ferrite 
microstructures. A—S313H weld; 8— TiOeH 
weld 

PRIOR AUSTENITE GRAIN SIZE 

Fig. 7 — Effects of prior austenite grain size on 
the weld metal primary ferrite content 
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Fig. 8 — Correlation between experimentally 
measured and calculated amounts of trans
formed grain boundary ferrite 

to 932°F), and d is the prior austenite 
grain diameter. As mentioned previously, 
every effort has been made to minimize 
the sectioning orientation effect in the 
austenite grain size determination such 
that imprecision involved in the quantita
tive metallography procedure will only 
affect slightly the coefficient and the 
calculation of the equation. 

Experimentally measured volume frac
tions of grain boundary ferrite were plot
ted against the calculated values of X in 
Fig. 8. Good correlation was obtained, 
indicating that the grain boundary ferrite 
formation can be described by Equation 
3. Nucleation originated on the austenite 
grain boundaries, and the more the grain 
boundary ferrite grows into the austenite 
grain, the smaller will be the intragranular 
region left for acicular ferrite. In the case 
of high acicular ferrite content welds, this 
also seems to suggest a much earlier 
involvement of the intragranular inclu
sions in the weld metal phase transforma
tion in blocking any further growth of the 
allotriomorphs. 

For a better understanding of the weid 
metal phase transformation, one needs 
to analyze more closely all the factors 
that will affect the austenite to ferrite 
transformation. In addition to the weld 
metal chemical hardenability, the cooling 
rate, and the prior austenite grain size, 
the presence of weld metal inclusions 
and their effects on the austenite decom
position should also be emphasized. 
Inclusions may affect both the thermody
namic and kinetic aspects of the weld 
metal transformations. First, the inclusions 
provide nucleation sites for the ferrite 
formation and alter the kinetic condition 
of the process. Second, due to the differ
ential thermal contraction between the 
matrix and the inclusions, the austenite 
matrix becomes strained during cooling, 
thus increasing the thermodynamic desire 
for the austenite to transform into fer
rite. 

Inclusion parameters such as mean par
ticle size and particle size mode (the 
highest frequency class in the distribu
tion), volume fraction, number density, 
and size distribution are all fundamentally 
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important in weld metal phase transfor
mation. 

As was reported in the introduction 
(Refs. 27, 30, 31), the mean inclusion 
diameter was observed to increase with 
an increasing weld metal oxygen. An 
analysis of the transmission electron 
micrographs of the replicas in this work 
showed that such observation could not 
be verified. Higher weld metal oxygen 
samples indeed resulted in higher inclu
sion content than the lower oxygen 
welds. However, finer particles and larger 
size variation were also seen in the higher 
oxygen EM13H and S313H weld speci
mens. This seems to agree with previous 
observations reported by Dallam, et al. 
(Ref. 6). 

To verify the relationship between 
mean particle diameter and the main 
inclusion-forming elements in the weld 
metal (oxygen and sulfur), a linear regres
sion analysis was performed and the 
results are shown in Fig. 9. The straight 
line passing through the full square points 
represents all the inclusions measured in 
this work, i.e., particles with diame
ters > 0.07 micron. It showed that the 
mean particle size decreased with an 
increasing concentration of oxygen and 
sulfur. This observation is different from 
what was reported in the literature (Refs. 
25, 28). Suspecting that the disagreement 
might be due to the sampling and the 
smallest size particles included in the 
studies, inclusions smaller than 0.2 micron 
were excluded in a second calculation. 
This set of calculated values was plotted 
in the same chart as full circles. This slope 
of the regression line is now positive, 
indicating that particle size increased with 
increasing concentration of oxygen and 
sulfur. Nucleation rate is exponentially 
proportional to the inverse of the free 

energy change of the inclusion formation, 
which is a function of the weld metal 
oxygen and sulfur content. Therefore, 
the higher the concentration of the inclu
sion formers, the larger will be the num
ber of nuclei formed. Given the same 
period of time of coalescence in the melt, 
the weld metal with the larger number of 
nuclei will average smaller size particles. 
The effects of number of nuclei in the 
melt on the rate of growth of oxide 
inclusions were discussed thoroughly in 
the literature (Refs. 41-44) and seem to 
agree with the present observation. 

Inclusion volume fraction and number 
density were plotted as functions of weld 
metal oxygen and sulfur content. Figure 
10 shows the results of such correlation. 
Inclusion volume fraction and number 
density both increased with increasing 
weld metal oxygen and sulfur content. 

The influence of inclusions on weld 
metal transformations can be explained in 
two ways. First, they are concentrated in 
the grain boundary region, pinning the 
austenite grain boundary and providing 
nucleation sites. Too high inclusion densi
ty would lead to a more restricted aus
tenite grain growth, resulting in a very 
large surface area to volume ratio. This 
increases the possibility of grain bound
ary ferrite occurrence. On the other 
hand, a large austenite grain increases the 
hardenability of the weld metal by affect
ing the kinetic feasibility of grain bound
ary ferrite formation. To verify whether 
inclusions were pinning the prior austen
ite grain boundaries or not, the relation
ship between the prior austenite grain 
size and inclusion number density was 
represented graphically in Fig. 11. Very 
good correlation was obtained, indicating 
that weld metal oxygen and sulfur 
expressed as number of inclusions did 
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affect the prior austenite grain size. Sec
ond, the inclusions that are within the 
austenite grains will provide nucleation 
sites for acicular ferrite formation, and an 
adequate inclusion density is needed to 
obtain short, randomly oriented acicular 
laths. A low inclusion density would lead 
to a larger extent of ferrite lath growth, 
resulting in longer needles before they 
impinge on each other. Figure 12 illus
trates the variation of the percentage of 
primary ferrite with the inclusion volume 
fraction. A general trend of primary fer
rite increase was observed with the 
increasing inclusion density. 

Combining the results from Figs. 10-
12, one can realize that the relationship 
between weld metal oxygen and weld 
metal microstructure is only an indirect 
one. It could be used to describe the 
weld metal microstructure transition with 
reasonable success solely because the 
weld metal inclusion population is directly 
proportional to the weld metal oxygen 
content, since it is the main inclusion 
former. 

For a more complete understanding of 

the role of inclusions in weld metal phase 
transformation, the inclusion size distribu
tion and their effects have also to be 
considered. The inclusion size distribu
tions of the different welds were deter
mined. Basically, two types of distribu
tions were observed. They are the 
reverse J-shaped distribution and the pos
itively skewed, or right skewed, distribu
tion. The first type was represented by 
the welds S313H and EM13H-Fig. 13A. 
The second type included the SG13H, 
EH13H, Ti13H and TiOeH welds-Fig. 
13B. Among the welds from the second 
group, inclusion populations in Ti13H and 
TiOeH approximated more closely the 
normal distribution, showing larger parti
cle size modes (0.25 and 0.35 micron, 
respectively) and also larger mean parti
cle sizes (0.21 and 0.24 micron, respec
tively). Different from some previous 
observations (Ref. 27), i.e., in spite of the 
larger inclusions sizes, these weld speci
mens showed the finest microstructures, 
predominantly acicular ferrite. Figure 14 
shows the effect of inclusion particle size 
on acicular ferrite content. 
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Fig. 11 — Effects of inclusion number density on 
the prior austenite grain size in the weld 
metal 
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Fig. 12—Variation of the percent of weld 
metal primary ferrite with the inclusion volume 
fraction 

The inclusion size distribution effect 
can also be seen in the first group of weld 
metals. Both S313H and EM13H welds 
showed very high occurrence frequency 
of small size particles. Approximately 50 
and 30 percent, respectively, of parti
cles < 0.1 micron could be found. The 
mean particle sizes of the inclusions were 
also extremely fine, 0.14 and 0.16 micron, 
respectively. Those were also the welds 
that presented larger volumes of grain 
boundary ferrite. This is reasonable 
because smaller particles more effective
ly pin the prior austenite grain bound
aries, resulting in smaller austenite grain 
sizes, as shown in Fig. 15. Consequently, 
more grain boundary allotriomorph 
would be expected. This also shows that 
the pinning of austenite grain boundary 
by inclusions not only depends on the 
volume fraction, but also varies with size 
distribution. Zener's equation (Ref. 45) 

DL = Limiting Grain Size = 
2dcr 

3f 
(4) 

describes the effectiveness of inclusions 
pinning grain boundaries. Given the aus
tenite grain size and the inclusion volume 
fraction, f, the critical inclusion size, dcr 

(above which inclusions will not restrain 
grain growth), can be calculated. The 
determined values of dcr can be found in 
Table 3. To relate this to the measured 
size distributions, the critical inclusion 
sizes were used to determine the fraction 
of inclusions associated with the grain 
boundaries (F). Multiplying the total num-
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Fig. 13 — Simple and cumulative size distribution of the inclusions extracted from EM 13H and TH3H 
weld metal 

ber density (Nv) by the f ract ion (F), the 
inclusion density associated w i t h the pr ior 
austenite grain boundaries (%) is deter
mined. Prior austenite grain size is p lo t ted 
as a funct ion o f the inclusions f ound in 
the boundar ies in Fig. 16. The excellent 
correlat ion indicates that the inclusion 
size distr ibut ion ef fect determines the 
number of inclusions in the boundaries, 
indirectly control l ing the austenite grain 
size. The di f ference b e t w e e n N v and nb is 
the intragranular inclusion density, n\, i.e., 
the potent ia l sites fo r ferr i te nucleat ion 

wi th in the grains. The larger number o f 
intragranular inclusions in S313H and 
EM13H w e l d metals did not guarantee a 
high acicular ferr i te content . This is 
because of the smaller pr ior austenite 
grain size (held by the extremely large 
number of small inclusions associated 
w i th the grain boundaries), prov id ing 
condit ions for the grain boundary al lotr io
morphs to nucleate and g r o w . O n c e the 
grain boundary ferr i te is f o r m e d , it 
decreases the physical space in the grain 
interior for acicular ferr i te to f o r m and 

0 0 5 0 IO 0 15 0.20 0.25 0.30 0.33 

PARTICLE SIZE MODE (aim) 

Fig. 14 - Effects of inclusion particle size mode 
on the percent of acicular ferrite in the weld 
metal 

MEAN PARTICLE SIZE 

Fig. 15- Variation of prior austenite grain size 
with the mean particle size of the inclusions 

g r o w . In the case of EH13H w e l d , the 
number o f intragranular inclusions seems 
to be l ow , w i th a calculated mean f ree 
spacing b e t w e e n inclusions of approx i 
mately f ive microns, a l lowing the ferr i te 
laths to g r o w . H o w e v e r , the fo rmat ion of 
bainite is also due t o the higher chemical 
hardenabil i ty f o u n d in the we ldmen t . In 
the o ther d i rect ion are the specimens 
Ti13H and T iOeH, wh ich s h o w e d slightly 
higher intragranular inclusion density than 
the EH13H w e l d . The calculated mean 
f ree spacing b e t w e e n laths is only t w o 
microns. Because of that, mo re ferr i te 
laths may nucleate and g r o w to impinge
ment , resulting in a much finer micro-
structure w i th higher acicular ferr i te c o n 
tent. The inclusion size distr ibut ion ef fect 
can also be seen in Fig. 17, w h e r e acicular 
ferr i te content is p lo t ted as a funct ion o f 
intragranular inclusion density. The maxi
m u m acicular ferr i te content corresponds 
to the welds w i th the o p t i m u m inclusion 
size distr ibutions. 

Table 3—Summary of the Results of Calculation of the Critical Inclusion Sizes (dcr) and the 
Inclusion Densities Associated with Austenite Grain Boundaries and Interior of Grains 

S313H 
SG13H 
EH13H 
EM13H 
Ti13H 
TiOeH 

146-S | JUNE 

Tgs 
(Mm) 

55 
85 
85 
55 
80 
88 

1986 

f 

0.033 
0.0040 
0.033 
0.0051 
0.0033 
0.0025 

dcr 
(Mm) 

0.27 
0.51 
0.42 
0.42 
0.40 
0.33 

Nv 

(108 mm"3) 

7.60 
2.01 
2.99 
6.40 
3.27 
1.54 

F 

0.82 
0.85 
0.88 
0.87 
0.86 
0.72 

nb 
(108 mm"3) 

6.23 
1.71 
2.63 
5.57 
2.81 
1.11 

Nv - nb 

(108 mm"3) 

1.37 
0.30 
0.36 
0.83 
0.46 
0.43 

2 0 3 0 5 0 6 0 

Fig. 76 — Effects of inclusions associated with 
the grain boundaries on the prior austenite 
grain size 
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In order to obtain a fine microstructure 
with high acicular ferrite content, the 
weld metal has to have an adequate prior 
austenite grain size and optimum intra
granular inclusion density. Too few inclu
sions will provide large austenite grains 
but fewer intragranular nucleation sites 
with chances for the ferrite to grow more 
before impingement, resulting in bainite 
type of microstructures. A large popula
tion of smaller inclusions will pin the 
boundaries so much that fine austenite 
grain size will develop. This provides 
excellent conditions for the growth of 
allotriomorphs, even before the acicular 
ferrite could have a chance to nucleate or 
grow. Therefore, weld metals character
ized by size distributions with a large 
number of fine particles usually show fine 
austenite grain size and coarse micro-
structure composed of grain boundary 
ferrite and some acicular ferrite. 

To evaluate the effects of inclusion/ 
matrix differential thermal contraction on 
weld metal phase transformation, "a ball 
in elastic hole" model was considered 
(Ref. 46). At temperatures slightly below 
the solidification point, it is reasonable to 
assume that the sizes of the inclusion 
(ball) and hole in the matrix are the same. 
During cooling, because of the different 
thermal expansion coefficients, the inclu
sion and the matrix will contract to differ
ent degrees. Generally, thermal expan
sion coefficients of nonmetallic inclusions 
are smaller than that of the austenite 
matrix. Therefore, at any temperature in 
the later stages of cooling, the hole will 
be smaller than the inclusion. Assuming 
that continuity will be maintained across 
the inclusion/matrix interface, the differ
ential thermal contraction described 

above will generate strain and stress 
fields in the austenite. 

If the inclusion is assumed to be a rigid 
sphere, incompressible and nondeforma-
ble, the austenite will take all the strain 
during cooling. The total strain energy in 
the matrix is estimated by calculating the 
work done on the hole surface. When 
the calculated strain energy values associ
ated with the presence of inclusions (ap
proximately 0.5 J/cm3) are compared 
with the austenite to ferrite transforma
tion free energy change (approximately 
100 J/cm3 in low carbon steels), they 
showed several orders of magnitude dif
ference, indicating that the strain energy 
term is probably insignificant in the over
all reaction. Another explanation would 
be that the "ball in elastic hole" model is 
too simplistic and does not take into 
consideration the anisotropic nature of 
the elastic constants. The crystal structure 
change would generate other forms of 
distortion energy which would be more 
significant and would add to the strain 
energy term in the free energy equa
tion. 

Summarizing the discussion, austenite 
decomposition can be described as fol
lows. Oxygen affects the weld metal 
phase transformation in the form of inclu
sions, such as oxides and oxy-sulfides. 
These inclusions can locate both at aus
tenite grain boundaries and intragranular-
ly. Depending on their location, they may 
have different functions. Small inclusions 
more effectively pin the boundaries in 
the cooling cycle, therefore particles with 
diameters smaller than the critical size will 
be more often found at the boundaries. 
Since ferrite nucleation at grain bound
aries is very favorable, site saturation 
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Fig. 18 - TEM micrograph of weld metal car
bon extraction replica showing inclusions as 
nucleation sites for acicular ferrite laths 

soon occurs. This is followed by exten
sive allotriomorphic growth. Spaces that 
are not occupied by grain boundary fer
rite are later available for acicular ferrite 
and other transformation products. Intra
granular inclusions provide the initial 
nucleation sites for acicular ferrite forma
tion, as shown in Fig. 18. This evidence is 
supported by other authors (Refs. 30, 
47-49). Sympathetic nucleation may 
occur at later stages (Refs. 16, 24-26, 47, 
48). Size distribution is important to 
determine the number of inclusions lo
cated intragranularly. An optimum size 
distribution will result in an optimum 
inclusion number density within the aus
tenite grains. 

This inclusion size distribution effect 
can also explain the enhancement in 
microstructural refinement brought 
about by boron. Boron migrates to the 
grain boundaries, poisoning the available 
sites for allotriomorphic ferrite nucle
ation. This decreases the grain boundary 
ferrite content. At the same time, 
chances increase for the intragranular 
inclusion to nucleate ferrite. With ade
quate prior austenite grain size and chem
ical hardenability, the acicular ferrite con
tent can be maximized. 

Conclusions 

The major achievements of this investi
gation can be summarized in the follow
ing conclusions: 

1. Inclusion volume fraction can be 
directly related to the concentration of 
inclusion formers (mainly oxygen and sul
fur) and does affect the austenite to 
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ferr i te t ransformat ion. 
2. Grain boundary a l lo t r iomorph 

g r o w t h is dif fusion contro l led and can be 
descr ibed by an Avrami type equat ion as 
a funct ion of prior austenite grain size 
and cool ing rate. 

3. The inclusion size distr ibut ion deter
mines whe the r the inclusions wil l be asso
ciated w i th grain boundaries or located 
intragranularly, control l ing the final w e l d 
metal microstructure. 

4. W e l d metals w i th high acicular fer
rite content are f ound to be associated 
w i t h coarse austenite grains and w i t h a 
large number of inclusions of diame
ters > 0.2 micron. 

5. High oxygen content w e l d metals 
w i t h higher grain boundary ferri te con 
tent are found to be associated w i th fine 
austenite grains and w i t h a large number 
of smaller size inclusions of d iame
ters < 0.1 micron. 

6. As we ld metal oxygen content 
increases, the mean particle size o f the 
inclusions decreases because of a higher 
occurrence f requency o f very fine part i 
cles of diameters < 0.1 micron. 
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Development of a Production Test Procedure for Gaskets 
By A. Bazergui, L. Marchand and H. D. Raut 

This report presents detailed results of tests carried out on five styles of gaskets with properties 
covering the broad range of gaskets commercially available. Three types of tests have been performed: 
mechanical (stress-deflection and creep); leakage tests on a hydraulic test rig; and leakage tests on a 
bolted-up rig. The report also presents selected Milestone Gasket Test Program results which pertain to 
four other styles of gaskets. 

The publication of this report was sponsored by the Task Group on Gasket Testing of the 
Subcommittee on Bolted Flanged Connections of the Welding Research Council. The price of WRC 
Bulletin 309 is $14.00 per copy, plus $5.00 for postage and handling. Orders should be sent with 
payment to the Welding Research Council, Ste. 1301, 345 E. 47th St., New York, NY 10017. 
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Damage Studies in Pressure Vessel Components 
By F. A. Leckie 

The theory of damage mechanics is applied to pressure vessel components operating at high 
temperatures. It is suggested that some existing design procedures can be readily adapted to deal with 
high temperature problems. 

The publication of this report was sponsored by the Subcommittee on Elevated Temperature Design 
of the Pressure Vessel Research Committee of the Welding Research Council. The price of WRC Bulletin 
310 is $14.00 per copy, plus $5.00 for postage and handling. Orders should be sent with payment to the 
Welding Research Council, Ste. 1301, 345 E. 47th St., New York, NY 10017. 
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Assessment of the Significance of Weld Discontinuities: Effects of Microstructure and Discontinuities upon 
Fracture Morphology 
By C. D. Lundin and C. R. Patriarca 

The purpose of this report was to systematically investigate the metallurgical influence of weld metal 
microstructure, hydrogen presence and loading rate on fracture morphology in the presence of different 
types of discontinuities. In order to assess the metallurgical significance of weld discontinuities on 
fracture characteristics, mechanical and nondestructive testing, metallographic and fractographic 
examination, and hydrogen determinations were used to evaluate E7018, E9018 and El 1018 weld 
metals. 

Publication of this report was sponsored by the Subcommittee on Significance of Weld Discontinuities 
of the Pressure Vessel Research Committee of the Welding Research Council. The price of WRC Bulletin 
311 is $14.00 per copy, plus $5.00 for postage and handling. Orders should be sent with payment to the 
Welding Research Council, Ste. 1301, 345 E. 47th St., New York, NY 10017. 
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