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Weld fusion boundary is a region composed of (1) an 
unmixed zone of weld metal with essentially the same 
composition as base metal and (2) a partially melted 
zone in which occur various phenomena such as con
stitutional liquation of sulfide inclusions 
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ABSTRACT. Hydrogen-induced cold 
cracking in the apparent heat-af
fected zone of weldments of HY-80, a 
quenched-and- tempered low-al loy 
steel, is still an unresolved problem. 
Some generalizations of the cold 
cracking problem are that (1) the 
cracks usually appear to be asso
ciated in some way with the weld fu
sion boundary, (2) variations in crack 
susceptibility can exist among heats 
with the same nominal composit ion, 
(3) hydrogen plays a very significant 
role in the cracking, and (4) stress of 
the order of the yield strength must be 
present. 

For this investigation, two heats of 
HY-80 with a significant difference 
in cold-cracking susceptibility were 
obtained. In addition to a metal
lographic study of the as-received 
base metal, the features of the fusion 
boundary of heterogeneous bead 
welds were studied both meta l 
lographically and by means of elec
tron beam microprobe analysis. 

The fusion boundary of hetero
geneous welds was shown not to be 
a simple "fusion line," but rather a 
region composed of (1) an unmixed 
zone of weld metal which has a com
position essentially that of the base 
metal and (2) a partially-melted zone 
in which occur various phenomena 
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such as constitutional liquation of sul
fide inclusions and grain-boundary 
wetting. The term weld interface was 
defined as the demarcation between 
these two zones. 

The primary reason for the differ
ence in cold cracking susceptibility 
between the two heats appeared to be 
a difference in the size, shape and 
distribution of the sulfides. 

Introduction 

One perplexing problem in the 
welding of HY-80 steel is the inci
dence of hydrogen- induced cold 
cracking in the apparent heat-af
fected zone at the fusion boundary. 
The understanding of the mechan
ism of this cold cracking in weld
ments is far from complete, and con
siderable disagreement exists con
cerning the mechanism of crack in
itiation. Unfortunately, it is precisely 
this understanding that is necessary 
to avoid similar problems with the 
higher strength quenched-and-tem
pered low-alloy steels presently un
der development. 

Hydrogen-Induced Cold Cracking 

In general, most investigators 
(Refs. 1,2,3,4,5) agree that cold crack
ing in HY-80, a quenched-and-tem
pered low-alloy steel, is predom
inantly intergranular, at least in the 
early stages of propagation. Al
though the available evidence sug
gests that grain-boundary segrega
tion is involved in the cracking (Ref. 
6), the mechanism by which the 
segregation arises is not completely 
understood. 

Several generalizations of the cold-
cracking problem in HY-80 suggest 
directions for further research: 

Fig. 1 — The general appearance of non-
metallics in sections of the HY-80 plate, 
longitudinal to the final rolling direction. 
Polished and unetched, X100. A. HeatP. B. 
Heat N 

1. The fact that microcracks and 
macrocracks usually appear at, or im
mediately adjacent to, the fusion 
boundary in heterogeneous welds, 
suggests that there is something 
unique about the fusion boundary 
as a site for crack initiation. 

2. Not all heats of HY-80 exhibit 
cracking to the same extent. 

3. A critical value of hydrogen con
tent must be present for cracking to 
occur. 

4. Stress of the order of the yield 
strength must be present for crack
ing to occur. 

The Fusion Boundary 

At the fusion boundary, the micro
scopic demarcation between metal 
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that was liquid and metal that re
mained solid during welding is gen
erally assumed to be rather straight
forward. Usually all the material in the 
so-called heat-affected zone is re
garded as remaining solid right up to 
the boundary of the fu l ly-mol ten 
region. However, metallographic ex
amination at high magnifications re
veals significant localized melting 
within the so-cal led heat-af fected 
zone near the fusion boundary (Refs. 
7,8). It has become apparent, there
fore, that the definition of the fusion 
boundary is dependent upon both the 
magnification and the metallographic 
t e c h n i q u e used to exam ine th is 
region. 

Objectives 

The objectives of this investigation 
were: 

1. To study the meta l lographic 
structures and composit ional gradi
ents in the vicinity of the fusion boun
dary in order to gain a better under
standing of the basic metallurgy of 
this region. 

2. To establish a sound mech
anism for explaining grain-boundary 
segregation at the fusion boundary in 
w e l d m e n t s of q u e n c h e d - a n d -
tempered low-alloy steels. 

Materials and 
Experimental Procedures 
Material 

The material used in this study was 
obtained from two heats of 2 in. (51 
mm) thick HY-80 plate. The check 
analyses for these heats are listed in 
Table 1. It should be noted that Heat 
No. 72P305 (from here on referred to 
as Heat P) has a higher C, Ni and Cr 

content than Heat No. N51755 (from 
here on referred to as Heat N). 

These two particular heats were se
lected because of a significant differ
ence in their weldability despite a 
general similarity in composit ion. The 
weldability of the two heats had been 
previously determined by means of 
the cruciform test, in which Heat P ex
hibited cracking in 73% of the weld 
length, whereas Heat N exhibited no 
cracking (Ref. 2). The heats were part 
of a series of 12 heats used in a 
statistical investigation which showed 
a fair correlation between the amount 
of cruciform cracking and the S and 
Ni contents of the individual heats. 

Metallographic Examination of the 
Weld Fusion Boundary 

Bead welds about 4 in. (10 cm) long 
on 2 X 2 X 5 in. (51 X 51 X 127 mm) 
specimens were made using an elec
trode holder with 3/16-in. (4.8 mm) 
diam. E11018G covered electrodes 
operating at 165 A, 22 V and 8.5 ipm 
(216 mm/sec). The electrodes were 
not baked because the possible for
mation of cracks due to hydrogen was 
not undesired. The bead welds, made 
transverse to the final rolling direc
tion of the plate, were placed both on 
the plate-edge and the rolled-surface 
of the sample. 

Each bead weld was sectioned and 
polished at six locations transverse to 
the w e l d i n g d i r e c t i o n . S e v e r a l 
etchants were tried and rated on their 
ability to reveal information about the 
fusion boundary. 

Electron Beam Microprobe Analysis 
Across the Fusion Boundary 

In transverse sections of bead-weld 
specimens from Heats N and P, suit-

a 

Fig. 2 — Typical sulfide inclusions in sec
tions of the HY-80 plate, longitudinal to the 
final rolling direction. Polished and un-
etched, X1000 (reduced 33% on repro
duction). A (top) — the edge of a long sul
fide in Heat P; B (bottom) — a relatively 
long sulfide in Heat N 

S A. 

Fig. 3 — Typical globular inclusions in a 
section of Heat N. Longitudinal to the final 
rolling direction. Note the many duplex 
oxide-sulfide inclusions. Polished and un-
etched, X1000 (reduced 20% on repro
duction) 

able locations along the fusion boun
dary were selected for traverses by 
the electron beam microprobe analy
zer, and the desired starting and stop
ping points for the traverses were 
marked by hardness indentations. 
The samples, after light repolishing, 
were re-etched just sufficiently for the 
probe operator to orient the traverse. 

T h e e l e c t r o n b e a m of t h e 
microprobe analyzer was operated at 
30 kV and 10 n A, and the spectro
meter was adjusted to record simul
taneously CRK„ and M n K „ . These 
elements were analyzed because 
typical E11018G electrodes have a 

Table 1 — Chemical Composition of HY-80 Steels Used in This Investigation 

Check Analysis, % 
Heat 
No. 

72P305 

N51755 

Furnace 
Practice 

Open 
hearth 
Electric 

Al 
c 

0.18 

0.13 

Mn 

0.30 

0.28 

P 

0.018 

0.011 

S 

0.013 

0.011 

Si 

0.20 

0.31 

Ni 

2.99 

2.50 

Cr 

1.68 

1.49 

Mo 

0.41 

0.40 

Sol 

0.022 
0.024 , a | 

0.056 

Insol 

0.003 

0.009 

N 

0.007 

0.014 

Inclusion Analysis! ' ppm 

0.037' 

Heat 
No. 

72P305 
N51755 

Al203
( c ) 

55 
185 

Oxides 
MnO 

23 
42 

S i0 2 

18 
15 

Nitrogen in 
Nitrides 

49 
110 

Sulfides or Oxides (d) 

Cr 
410 
435 

Ti 
13 
20 

V 
5 
8 

Zr 
3 
5 

(a) Second check analysis. 
(b) Ester-Halogen Method. 
(c) Includes all AIN. 
(d) In most cases, alloying elements such as Cr, Ti, V, or Zr are present in the inclusion form as carbides, nitrides, or sul

fides. although, depending on the steel-making practice, they may occur as oxides if they are added before the steel is 
killed. 
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1.50% Mn content and negligible 
amounts of Cr, whereas the base 
metal contained approximately 0.30% 
Mn and 1.5% Cr. 

Results and Discussion 

Metallographic Examination 
of the Base Metal 

The microstructures of both heats 
of as-received HY-80 were entirely 
tempered martensite with no discern-

Fig. 4 — The appearance of banding in 
sections of HY-80 plate. Longitudinal to the 
final rolling direction. Nital and sodium 
bisulfite etchant, X100. A (top) — Heat P; B 
(bottom) — Heat N 

ible difference at X100. The nature of 
the nonmetallic inclusions, however, 
d i f fered greatly between the two 
heats, as shown in Fig. 1 atX100 in the 
as-polished condit ion. Although both 
heats had elongated sulfide inclu
sions, those in Heat P, Fig. 1A, were 
larger, more elongated, and less ran
domly distributed than those in Heat 
N, Fig. 1B. 

Figure 2 shows a comparison of the 
size of typical sulfides at X1000. In 
turn, Heat N, Fig. 1B, had a greater 
number of stringers (clouds) of oxide
like spherical inclusions. This obser
vation is consistent with the inclusion 
analysis, shown in Table 1, which indi
cates that Heat N had about triple the 
AI2O3 content of Heat P. Randomly 
dispersed between the large inclu
sions in both heats was a back
ground of very fine spherical inclu
sions that were not identified. 

In both heats, the largest sulfides 
occurred in the center-half of the 
plate thickness. Even at the plate 
centers, however, the longest sulfide 
inclusions in Heat N were only as long 
as the medium-length sulfides in 
Heat P. 

At X100, the volume fraction of sul
fides in Heat N appeared to be less 
than that in Heat P. However, ex
amination of the oxide-like spherical 
i nc lus ions in Heat N at a h igh 
magnification revealed a great num
ber of duplex oxide-sulfide inclu
sions, as shown in Fig. 3. When the 
percentage of sulfides associated 
with the spherical inclusions was con
sidered, the volume fraction of metal 
sulfides was similar for both heats, as 
would be expectecd from their similar 
S contents, as shown in Table 1. 

Banding. Metallographic examina
tion revealed that the two heats of HY-
80 were about equally banded, as 
may be seen by comparing Figs. 4A 
and 4B. The banding appears very 

marked because the samples were 
etched with a special, two-stage nital 
and sodium bisulfite procedure. The 
light-eitching bands, in Fig. 4, are 
higher in alloy content than the dark-
etching bands. It should be empha
sized that the sulfide inclusions were 
predominantly located in the light-
etching alloy-rich bands. 

Metallographic Studies of the 
Fusion Boundary 

Recognition of an Unmixed Zone. A 
two-stage nital and sodium bisulfite 
etching procedure (Refs. 9,10) — 
Procedure A in Table 2 — proved to 
be remarkably effective in revealing 
the microstructure near the fusion 
boundary of bead welds on HY-80. 
The success of the two-stage etchant 
is primarily due to the sodium bisul
fite which selectively stains the iron-
rich regions (the nital only improves 
the contrast obtained with the sodium 
bisulfte). In other words, alloy-rich 
regions, such as cell boundaries in 
the weld metal and bands in the base 
metal, are not readily stained by the 
sodium bisulfite. 

Figure 5 shows the striking differ
ence between the appearance of a 
location along the fusion boundary, as 
revealed by the two-stage etchant 
(Fig. 5A), and the identical location, as 
revealed by a convent ional nital 
etchant (Fig. 5B). The microhardness 
indentation was used as a marker to 
locate the same area after repolish-
ing and etching. 

It should be noted that the conven
tional nital etchant (Procedure B in 
Table 2) primarily reveals transforma
tion products, whereas the two-stage 
etchant reveals a distinct l ight-etch
ing zone which exhibits a solidifica
tion substructure. This light-etching 
zone was labeled the "unmixed zone." 
The substructure in this unmixed 

Table 2 — Etching Procedures Used to Reveal the Fusion-Boundary Structure in 
Bead Welds in HY-80 

Procedure 

A 

B 

Etchant 

1 % Nital 

3% Aqueous 
Sodium Bisulfite 
with Aerosol OT 
wetting agent. 
2% Nital 

5% Ammonium 
Persulfate 

Etching technique 

Dip-etch for 2-8 sec. and rinse 
with ethanol only. 
Swab with sodium bisulfite @ 100 F 
until weld metal turns dark, then 
quickly rinse with water. Final 
rinse with ethanol. 
Swab-etch for 2-10 sec. and rinse 
with water. Final rinse with ethanol. 

Swab-etch for 1-4 sec. and rinse 
with water. Final rinse with ethanol. 

Remarks 

For best results, the nital 
etch should be very light, 
(a) 

A very light etch and 
oblique lighting can 
reveal solidification 
substructure. 
Same as for 
Procedure B. 

(a) The results produced by the sodium bisultite step were greatly dependent upon (1) the care used tn the final polishing 
of the specimen, (2) the degree of etching by the nital in the first step. (3) the age of the sodium bisulfite etchant. and (4) 
the amount of Aerosol OT in the solution. Further work will be required to standardize this procedure. 
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HP 

Dark-Etching Weld Metal 

Light-Etching Weld Metal 

True Weld In te r face 

Region of P a r t i a l Melting 

Apparent "Fusion Line" 

Apparent Heat-Affected 
Zone 

True Heat-Affected zone R # M 

Fig. 5 — Comparison of two etching procedures used to reveal the fusion boundary on a transverse section of a shielded metal-arc 
bead-weld in HY-80, X250. A (left) — Location at a reference mark etched with the two-stage nital and sodium bisulfite procedure: B 
(right) — The Identical location repolished and etched with nital only 

zone is cellular and appears as a pat
tern of white and gray stripes. The 
white stripes represent the unstained 
solute-rich cell boundaries; the gray 
stripes represent the lightly-stained 
iron-rich cores of the cells. 

It should also be noted that the un
mixed zone is below the apparent 
location of the "fusion line" revealed 
by the nital etchant, as shown in Fig. 
5B. In fact, the near ly-hor izontal 
demarcation between the dark-etch
ing weld metal at the top in Fig. 5A 
and the light-etching unmixed zone at 
the center corresponds roughly to the 
"apparent fusion line" as revealed by 
the nital etchant. For the bead welds, 
the thickness of the light-etching zone 
exhibiting a solidification substruc
ture, as revealed by the two-stage et
chant, usually varied from zero at the 
toe of the weld to about 100 /u at the 
root of the weld. Note that for the loca
tion shown in Fig. 5, the true fusion 
boundary, revealed by the two-stage 
etchant, is approximately 75 n be
yond the apparent boundary iden
t i f ied with the convent ional nital 
etchant. 

Origin of the Unmixed Zone. The 
cellular solidification substructure in 
the zone beyond the normally-appar
ent fusion line, as shown in Fig. 5, is 
evidence that this zone was com
pletely molten during the passage of 
the weld pool. Thus, this zone should 
be considered as actually part of the 
weld metal. 

An explanation of the origin of this 
zone of weld metal is provided by 
Fig. 6, where the bands in the base 
metal, as revealed by the two-stage 
etchant, served as excellent "mark
ers" by which the liquid motion at 
the fusion boundary could be ascer
tained. The motion at this location 
was obviously laminar while at other 
locations, outside the field shown in 
Fig. 6, the bands in the l ight-etch
ing weld metal were not as severely 
distorted, indicating the presence of 
a more nearly stagnant liquid zone. 
The very fact that the bands of the 
base metal remain clearly apparent in 
the weld metal that was completely 

melted shows that a zone of fused 
but essentially unmixed base metal 
can exist at the fusion boundary in 
heterogeneous welds. Even with the 
turbulent motion in a weld pool, the 
velocity of liquid motion must ap
proach zero at the solid-l iquid inter
face (Refs. 11,12) and there can exist 
either a stagnant layer or a laminar-
flow layer immediately adjacent to the 
solid base metal. 

S u m m a r i z i n g , in conven t iona l 
me ta l l og raphy of he te rogeneous 
welds, the unmixed zone can remain 
undistinguishable and would be mis
takenly identified as part of the heat-
affected zone. This results from the 
fact that there is usually a marked dif
ference in the etching characteristics 
between the mixed weld metal and its 
surroundings. On the other hand, the 
melted-and-solidif ied base metal in 
the unmixed zone is nominally the 
same in composit ion as the adjacent 
heat-affected zone and the only dif
ference in the as-etched appearance 
between the two is due to the 
solidification substructure of the un
mixed zone. With conventional etch
ing procedures, which either contrast 
the weld metal or reveal transforma
tion products, the substructure in the 
unmixed zone can easily be masked; 
therefore, it is not surprising that the 
existence of the unmixed zone has not 
been reported previously. Further evi
dence of the presence of an unmixed 
zone at the fusion boundary was ob
tained from electron beam micro
probe analysis. 

Electron Beam Microprobe 
Analysis of the Fusion Boundary. An 
electron beam traverse on a Heat-N 
specimen, labeled CO' in Fig. 7, is 
shown to extend across the micro-
structures at the fusion boundary. The 
concentration profiles for Mn and Cr 
across the fusion boundary obtained 
by this scan are shown in Fig. 8. The 
concen t ra t i on scale ( m i c r o p r o b e 
analyser intensity) of this graph, cor
rected for background intensity, is 
relative, and an approximate correla
tion between both the Mn and Cr 
composit ion and the relative concen-

Fig. 6 — A transverse section of a shield
ed metal-arc bead weld showing evidence 
of laminar flow within an unmixed zone ol 
molten weld metal. Note the sharp angle 
between the bands in the base metal and 
those in the unmixed zone. Nital and 
sodium bisulfite procedure, X100 (reduced 
46% on reproduction) 

tration scale is shown. This correla
tion was obtained by equating the Mn 
and Cr composit ion of the base metal 
to the average output intensity of the 
m i c r o p r o b e analyser du r ing the 
period the beam was impinging on 
base metal. 

Across the top of the graph in Fig. 
8, the extents of the various etched 
regions are indicated as they cor
respond to the path shown on the 
photomicrograph in Fig. 7. It is ap
parent from the concentration pro
files shown in Fig. 8 that a significant 
port ion of the l ight-etching weld 
metal, including the fold, has a Mn 
and Cr composit ion equal to that of 
the base metal. 

It is obvious that the fold was a por
tion of the melted but unmixed base 
metal that was washed away from the 
fusion boundary. Such folds ap
peared frequently in all of the sec
tions of the bead welds examined and 
some of the folds extended a con
siderable distance into the weld 
metal. Since similar folds have also 
been observed in other welds (Ref. 
13), it is probable that the folds or 
washes of unmixed base metal are 
characteristic of all heterogeneous fu
sion welds. 

Recognition of a Zone of Partial 
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Melting. Localized melting in the heat-
affected zone adjacent to the true fu 
sion line can be seen in Fig. 5A in the 
form of a network of broad, l ight-etch
ing grain boundaries and numerous 
isolated light-etching dots. This type 
of partial melting has been reported 
for other alloys (Refs. 7,8) and the 
two-stage etchant reveals that a 
similar region of partial melting oc
curs in welds in HY-80. 

Careful metallographic examina
tion revealed evidence of localized 
melting immediately adjacent to the 
weld interface in three major forms: 

1. Constitutional liquation of sul
fide inclusions. 

2. Constitutional liquation of small 
spherical inclusions. 

3. Grain-boundary wetting. 
Although constitutional liquation in 

HY-80 has not been previously re
ported, details of the liquation phe
nomenon in other alloys have been 

discussed (Refs. 7,8,14,15). 
Liquation of Sulfide Inclusions. A 

specific example of constitutional l i 
quation involving elongated sulfide in
clusions is shown in Fig. 9 for Heat P. 
The light-etching area around the 
remnant of each of the inclusions is 
the region that was molten during the 
passage of the weld pool. The inci
dence of constitutional liquation was 
much more severe in the specimens 
from Heat P than in the specimens 
from Heat N simply because Heat P 
had more large elongated sulfides. 

Note that within the light-etching 
region around each of the primary in
clusions in Fig. 9 there is an array of 
smaller particles that also have the 
character is t ic appearance of su l 
f ides. The globular shape of the 
smaller particles within the liquated 
volume is apparent, and indicates that 
they precipitated from the liquid. 

The sulf ides in HY-80 are un-

Dark-Etching Weld Metal 

Light-Etching Weld Metal 

Heat-Affected Zone 

Fig. 7 — Transverse CC of electron beam microprobe analyzer across the fu
sion boundary of a bead weld in Heat N. Ammonium persulfate etchant, X100 
(reduced 22% on reproduction) 

doubtedly complex Mn-Fe-Cr, and 
the mechanism for constitutional l i 
quation probably involves diffusion of 
Fe into :he sulfide and Mn out of the 
sulfide. It should be noted that the 
FeS-MnS binary diagram (Ref. 16) 
has a eutectic point at about 2156 F 
(1180 C) well below the sol idus 
temperature of HY-80. 

Two additional features of the con
stitutionally liquated regions can be 
noted in the photomicrograph in 
Fig. 9: 

1. The precipitated particles tend 
to be located on the side of the l i 
quated volume that is nearest the fu
sion boundary. 

2. A dark-etching rim is predom
inant on the side of the liquated re
gion that is farthest from the fusion 
boundary (this rim is definitely not 
due to oblique lighting or a relief 
effect). 

Both of these features are the re
sult of redistribution of solute during 
undirectional solidification of the l i 
quated region. A l iquated region 
usually solidifies from the surface 
farthest from the fusion boundary to
ward the weld because of the dic
tates of the temperature gradient in 
the heat-affected zone. The final con
centration profile across a solidified 
liquated region contains an initial 
transient as well as a terminal tran
sient. The former is solute-lean and 
is stained dark by the two-stage et
chant, whereas the latter is solute-
rich, and is not stained by the sodium 
bisulfite. The solute-rich portion that 
develops in the liquated region on the 
side near the weld is also the location 
for the precipitation of the globular 
particles. 

Although only a few elements in the 

Table 3 — Proposed Terminology and Definitions of Discrete Regions in Heterogeneous Welds 

Proposed 
terminology 

Composite 
region 

Unmixed zone 

Weld 
interface 

Partially-
melted zone 

True 
heat-affected 
zone 

Proposed definition 

The bulk portion of the weld metal within which hydrodynamic motion 
causes the chemical composition to be modified by dilution of the filler 
metal with material melted from the surrounding base metal. 

A boundary layer at the outer extremities of the weld metal, consisting of base 
metal which is melted and solidified during welding without experiencing 
mechanical mixing with the filler metal. 

The surface bounding the region within which complete melting was experienced 
during welding as evidenced by the presence of a definite solidification 
substructure. 

That portion of the base metal, located just outside the weld interface, within 
which the degree of melting due to such phenomena as constitutional liquation, 
grain boundary melting, etc., ranges from 0 to 100%. 

That portion of the base metal within which all microstructural 
changes produced by welding occur in the solid state. 

Present 
applicable AWS 

terminology (Ref. 19) 

Weld metal 

Weld metal; 
bond 

Bond 

Heat-affected 
zone; bond 

Heat-affected 
zone 
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alloy may be involved in the reaction 
responsible for the constitutional l i 
quation, the subsequent solidifica
tion of the liquated volume results in 
the redistribution of all of the ele
ments that are within the liquated 
vo lume. Since sulf ides in HY-80 
primarily occur within already alloy-
rich bands, further redistribution of 
the solutes as a result of the solidifica
t ion of cons t i t u t i ona l l y l i qua ted 
volume can produce local regions in 
the partially-melted zone that have 
extremely high solute concentrations 
and are p r o b a b l y ve r y c r a c k -
susceptible. 

Liquation of Small Spherical 
Regions. In addition to the constitu
tional liquation of sulfide inclusions, 
small spherical liquated regions also 
appeared as scattered white spots in 

a narrow zone adjacent to the weld in
terface. A few of the largest spots, 
which were about 12 p. in diameter, 
contained a small second-phase par
ticle at the center, but the majority did 
not. The zone in which this partial 
melting occurred was associated with 
the banding, in that the last vestiges of 
spherical melting usually extended 
back farther along the alloy-rich, 
l ight-etching bands than along the 
dark-etch ing bands. Al though no 
quantitative measurement was made, 
the spots appeared to be somewhat 
more prevalent in Heat P than in 
Heat N. 

The composit ion of the particles 
causing the constitutional liquation 
was not determined. However, the 
distance between the white spots sug
gests that they are not the result of 

carbides, since carbides in the un
tempered or se l f - tempered max
imum-grain-coarsened heat-affected 
zone are usually much too fine and 
closely spaced. It is possible that the 
liquating inclusions are the ones that 
were referred to as background inclu
sions in the examination of the as-re
ceived plate. Since the background 
inclusions did not elongate during 
rolling, they may be very fine com-
plex-sulfides or oxides. 

The reason that remnants of the in
clusion could be seen in only a very 
few white spots is believed to be due 
to the small size of the spherical inclu
sions. Very f ine inclusions would 
decompose more readily by the 
matrixTparticle reaction during the 
cons t i t u t i ona l - l i qua t i on p rocess 
(Ref. 17). 
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Fig. 8 — Concentration profiles for manganese and chromium obtained by traverse CC across a fold in the weld metal and across 
the fusion boundary of a bead weld in Heat N 
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Weld I n t e r f a c e 

P a r t i a l l y - M e l t e d 
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Weld Interface 

Fig. 9 — An example of constitutional liquation in Heat P. Nital and 
sodium bisulfite procedure, X1000 (reduced 47% on repro
duction) 

Fig. 10 — Example of grain-boundary wetting in the partially-
melted region of bead welds in Heat P. Nital and sodium bisulfite 
procedure. X500 (reduced 53% on reproduction) 
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Fig. 11 — A comparison of the regions at the fusion boundary obtained with different welding processes. Nital and sodium bisulfite 
procedure, X250 (reduced 47% on reproduction). A. Weld made by the heterogeneous shielded metal-arc process. B. Weld made by 
the autogenous gas tungsten-arc process 
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Fig. 12 — Schematic illustration showing the regions of a heterogeneous weld 
recognized in this investigation and the proposed terminology to identify these 
regions 

Grain-Boundary Wetting. Grain-
boundary liquation in the base metal 
at the fusion boundary has been pro
posed as a possible mechanism by 
which cracks can be nucleated in 
high-strength low-alloy steels under 
the thermal and stress conditions of 
welding (Ref. 17). To explain the l i 
quation of grain boundaries in Cu-Ni 
alloys, a mechanism of grain-boun
dary wetting was proposed by investi
gators at RPI (Ref. 18). 

Applying similar reasoning to the 
observations in this investigation, it 
can be argued that small spherical 
second-phase particles in the base 
metal immediately adjacent to the 
weld interface experience constitu
tional liquation and the resulting l i 
quid pools retard the migration of 
grain boundaries adjacent to the weld 
interface. Once a migrating grain 
boundary encounters a liquid region 
and is wetted by the l iquid, pinning of 
the boundary results and the normal 
grain-growth process is arrested in 
that vicinity. After the liquid film solidi
f ies, the boundar ies become un
pinned and begin migrating. There
fore, by the time that the temperature 
becomes low enough to allow the 
austenite-to-martensite transforma

t ion , the rema ins of the g r a i n -
boundary liquation do not neces
sarily coincide with a prior-austenite 
grain boundary. 

Figure 10 shows evidence that this 
mechanism of grain-boundary wet
ting can be applied to explain grain-
boundary liquation in HY-80. The 
spherical liquated regions, which are 
a prerequisite for grain-boundary 
wetting, can be clearly seen, and the 
association of the wetted grain boun
daries with the spherical regions is 
evident. 

Broad grain-boundary wetting is 
metallographically observable, under 
correct procedures, because the 
solidification of the liquid phase at the 
grain boundary is accompanied by a 
redistribution of solute. However, it 
should be realized that farther away 
from the weld interface the liquid film 
along wetted grain boundaries is 
probably too thin to allow for an 
observable amount of solute redis
tribution. This would explain why l i 
quated grain boundaries are not al
ways seen to extend back as far as the 
last vestiges of constitutional l iqua
tion. 

Similar to the occurrence of the 
spherical liquated regions, the occur

rence of wetted grain boundaries was 
more infrequent and less extensive in 
Heat N than in Heat P. Also, in both 
heats the grain-boundary wetting was 
more extensive at locations where 
alloy-rich light-etching bands inter
sected the fusion boundary. 

Suggested Revisions in Terminology 

The junction of the weld metal and 
the base metal is generally viewed 
simply as a two-dimensional surface 
of demarcation between the weld 
(that po' t ion of a weld which has been 
melted during welding) and the heat-
affected zone (that portion of the base 
metal which has not been melted, but 
whose mechanical propert ies or 
microstructure have been altered by 
the heat of welding . . .) (Ref. 19). 
Based upon the metallographic and 
analytical evidence presented above, 
it can be stated that this "classical" 
view, while possibly adequate for 
macroscopic examination, is inade
quate when considering the micro
scopic fusion boundary of hetero
geneous welds. 

As shown in this investigation, the 
completely-melted weld metal is not a 
single homogeneous region but ac
tually consists of two distinct regions 
with a diffusion gradient between 
them. One of these regions, which 
comprises the bulk of the weld metal 
and appears to be at least fairly well 
mixed with the elements of the filler 
metal, can be called the composite re
gion. The other region, at the extrem
ities of the weld metal, is the easily-
marked narrow band consisting es
sentially of melted-and-solidif ied 
base metal which has already been 
referred to as the unmixed zone. The 
unmixed zone should also include the 
composition gradient between the 
composite region and the bulk of the 
unmixed zone since a concentration 
gradient is not a characteristic of a 
well-mixed region. 

In general, the terms "unmixed 
zone" and "composite region," while 
applicable to heterogeneous welds, 
are not applicable to truly autog-
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r. •' 
F/g. 13 — Microvoid caused by sulfide inclusion at the fusion 
boundary of a bead weld in Heat N. Nital and sodium bisulfite 
procedure, X250 (reduced 25% on reproduction) 

Fig. 14 — Example of the alignment of small sulfide 
globules and films along prior austenite grain boundaries 
in the unmixed zone of a bead weld in Heat P. Nital and 
sodium bisulfite procedure, X1000 

enous and homogeneous welds. For 
example, the fusion boundary of a 
weld in HY-80 made by the shielded-
metal-arc process is shown in Fig. 
11 A, with the various regions asso
ciated with the weld labeled. In com
parison, Fig. 11B shows the fusion 
boundary of a weld in the same heat 
of HY-80 made by the autogenous 
gas-tungsten-arc process. Note, in 
Fig. 11B, that the entire volume of 
weld metal is uniform in response to 
the etchant, since all portions of the 
weld zone are essentially identical 
in both composit ion and substruc
ture. 

The equivalence between the un
mixed zone in a heterogeneous weld 
and the overall weld metal in an 
autogenous weld is particularly signif
icant in cases where the primary pur
pose of adding a filler metal is to 
avoid some problem associated with 
an autogenous weld metal. In other 
words, no matter how well the com
position in the composite zone is 
modif ied, the problem can still persist 
in the narrow unmixed zone where the 
c o m p o s i t i o n rema ins essent ia l l y 
identical to that of the base metal. 

In addition, it should be cautioned 
that even in autogenous welds, the 
resulting composit ion of the bulk weld 
metal may be significantly different 
from the base metal due to absorp
tion, outgassing, oxidation, or va
porization of certain elements during 
welding. In such welds, therefore, 
an unmixed zone, or at least a zone 
unaltered in composit ion, may be 
present. 

Returning to the subject of ter
minology, the term weld interface is 

suggested when referring specifical
ly to the surface beyond which the de
gree of melting is not complete. It is 
intended that this term replace such 
terms as bond, fusion line, and true 
fusion boundary. However, the term 
fusion boundary can be retained 
when referring to the general vicinity 
that may include the partially-melted 
zone, the weld interface, and the un
mixed zone. 

There is a need for revision of the 
terms presently being used to indi
cate the heat-affected base metal, in 
that partial melting occurs adjacent to 
the weld interface. Therefore, the 
AWS definition of the heat-affected 
zone (Ref. 19) can only apply to what, 
in this paper, is referred to as the true 
heat-affected zone. The term partial
ly-melted zone describes that portion 
of the heat-affected base metal which 
has undergone any amount of local
ized melting. 

The proposed termino logy and 
definitions of the various regions 
resulting from a heterogeneous weld
ing process are summarized in Table 
3. In addit ion, the application of these 
terms is schematically illustrated in 
Fig. 12. 

Other Defects Due to Sulfide 
Inclusions 

Microvoid Formation at the Weld 
Interface. A phenomenon that was 
observed at the weld interface of bead 
welds on HY-80 was the association of 
microvoids with elongated sulfide in
clusions, a typical example of which is 
shown in Fig. 13 for Heat N. Note that 
some degree of constitutional liqua

tion appears to have occurred at the 
edge of the inclusion nearest the weld 
interface. Furthermore, the liquated 
region partially surrounds the void, in
dicating that the void formed during 
the period that liquation occurred. 

Although the exact mechanism of 
the microvoid formation is not clear, it 
may involve a reaction between some 
element, possibly oxygen or hydro
gen, and either the liquated region or 
the sulfide inclusion itself. It has been 
reported that MnS inclusions in the 
base metal can react with explosive 
violence during welding and create 
gas pockets at the fusion boundary 
(Ref. 20). Also, Herres (Ref. 21) has 
proposed that porosity in welds can 
be the result of a reaction of H and S 
to form H2S during welding. 

The occurrence of sulfide-caused 
microvoids, which was relatively infre
quent, was somewhat greater in Heat 
P than in Heat N. Irrespective of their 
number or of the mechanism of their 
formation, the fact that such micro-
voids can occur at the fusion boun
dary of welds in HY-80 is indeed 
ominous. Such microvoids would be 
traps for any hydrogen present and 
the locations could become the initia
tion sites for cracking at lower tem
peratures. 

Sulfide Alignment in the Partially 
Melted Zone and in the Unmixed 
Zone. It was observed in both Heats N 
and P that sulfides became aligned 
along liquated grain boundaries in the 
partially-melted zone. This realign
ment can result from the intersection 
of migrating grain boundaries with l i
quated regions that were formed by 
constitutional liquation of large sul-
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fide inclusions. Similarly, the align
ment of sulfides along grain boun
daries in the unmixed zone was also 
observed. For example, Fig. 14 shows 
small g lobular sulf ide inclusions 
aligned along prior-austenite grain 
boundaries in the unmixed zone of a 
bead weld in a specimen from Heat P. 

Such alignments are believed to be 
a result of large sulfides from the base 
metal which completely dissolved in 
the unmixed zone, thereby creating 
local su l fur - r ich regions. Subse
quently, sulfur segregates to a great 
degree at solidification grain boun
daries which, being solute-rich, prob
ably remain liquid for some distance 
back from the general solid-l iquid in
terface. Small globular or even f i lm
like sulfides can then precipitate and 
become aligned at the solidification 
grain boundaries. 

After the last vestiges of liquid 
solidify, most grain boundaries with 
aligned sulfides would probably be 
unable to migrate away. These sul
fide alignments at prior-austenite or 
prior-delta-ferrite grain boundaries 
may be an impor tant source of 
nucleation sites for the cracking (Ref. 
22) that frequently extends from the 
fusion boundary of welds in low-alloy 
steels. 

Conclusions 

1. The following conclusions per
tain to the metallographic examina
tions of the as-received HY-80 steel 
plate: 

(a) Both Heats N and P had a sim
ilar microstructure consisting of 
low-temperature martensitic trans
f o r m a t i o n p r o d u c t s and both 
appeared to be equally banded. 
(b) Although both Heats N and P 
had about the same volume frac
tion of sulfides, the sulfides in Heat 
P were predominantly larger and 
very elongated, whereas the sul
f ides in Heat N were p redom
inantly globular. 
2. The following conclusions per

tain to the meta l lographic exam
ination of heterogeneous bead welds 
in low-alloy steels: 

(a) Information about the sol id
ification substructure of a weld can 
be obtained by metallographic ex
amina t ion only if a p p r o p r i a t e 
etching procedures are used in 
preparing the sample. 
(b) A two-stage nital and sodium 
bisulfite etching procedure is ex
cellent for revealing solidification 
structure at the fusion boundary of 
welds in HY-80. 
(c) The two-stage etchant reveals 
that at the fusion boundary of bead 
welds there exists a zone of partial 
melting and a zone of melted base 
metal (the unmixed zone) which 

does not mix significantly with the 
bulk of the weld metal and there
fore etches to a different appear
ance. 
3. The following conclusions per

tain to the e lec t ron-beam micro
probe analyses of the fusion boun
dary of bead welds in HY-80: 

(a) A significant portion of the weld 
metal adjacent to the weld inter
face has a Cr and Mn composit ion 
identical to that of the base metal, 
therefore, the region has been 
identified as an unmixed zone. 
(b) It is possible for folds of melt
ed but unmixed base metal to be 
washed into the bulk weld metal. 
4. The following conclusions per

tain to partial melting that occurs ad
jacen t to the we ld poo l du r i ng 
welding: 

(a) Constitutional liquation of large 
sulfide inclusions and small un
identified inclusions occurs in the 
base metal near the weld inter
face. 
(b) Grain-boundary liquation oc
curs by the intersection of mi
g ra t ing g ra in bounda r i es wi th 
regions of constitutional liquation 
which thereby wet the grain boun
daries. 
(c) Sulfides at the weld interface 
can result in the formation of micro-
voids. 
(d) Sulfides that dissolve in the 
partially-melted zone and in the un
mixed zone can precipitate as small 
globules at subgrain and sol id
ification grain boundaries during 
the sol id i f icat ion of the molten 
material. 
5. The following conclusion per

ta ins to t e r m i n o l o g y app l i ed to 
heterogeneous welds: Five new terms 
should be used in describing hetero
geneous welds. They are the com
posite region, the unmixed zone, the 
weld interface, the partially-melted 
zone, and the true heat-affected zone. 
It is suggested that the present AWS 
terminology is not sufficiently de
scriptive of heterogeneous welds. 
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