
Near Weld Interface Compositional 
Variations in Low-Alloy Steel Weldments 

Both diffusion into the base metal and incomplete dilution into the weld metal pool 
create discontinuous composition gradients 
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The forged low-alloy steel and weld 
consumable used in this study have 
compositions that differ enough to 
create a significant concentration gra- 
dient adjacent to the weld interface 
following welding. The major compo- 
sitional differences between base 
metal and weld, respectively, are 3.4 
vs. 0.95 wt-% Ni, 1.75 vs. 0.1 wt-% Cr, 
and 0.25 vs. 1.4 wt-% Mn. This study 
measures the concentration gradients 
and models their development based 
on the mass transport processes dur- 
ing solidification and cooling of the 
weld, which occurs over a time period 
of only about 5 s. The composition of 
the base metal heat-affected zone is 
altered by diffusion adjacent to the 
weld interface. Nickel and chromium 
diffuse out, and manganese diffuses 
in, where the extent is predicted by a 
simple diffusion model. In the weld 
metal, local maxima in nickel and 
chromium are attributed to unmixed 
zones that detach from the base metal 
but are not fully dissolved into the 
weld pool. These compositional max- 
ima occur within 75 \xm of the weld in- 
terface and are intermittent. Both 
compositional and microstructural ev- 
idence exists for these localized re- 
gions. The composition in the weld ad- 
jacent to the weld interface influences 
the fracture behavior, where the un- 
mixed regions are susceptible to inter- 
granular fracture. 

D. B. KNORR is with GE Energy, Schenectady, 
N.Y., and J. J. McGEE ('mcgeejj@kapl.gov) is 
with Bechtel Marine Propulsion Corp. — KAPL, 
Schenectady, N.Y. 

Introduction 

ASTM A508-95 Grade 4N Class 2 
low-alloy steel welds that are made with a 
S3NiMol weld consumable typically dis- 
play significant gradients in microstruc- 
ture and chemistry. This low-alloy steel is 
characterized by a microstructure con- 
sisting of bainite and autotempered 
martensite. The nominal composition is 
Fe-0.20C-3.4Ni-l.75Cr-0.55Mo-0.25Mn. 
The S3NiMol weldment is composed of 
a microstructure of acicular ferrite and 
has a typical composition of Fe-O.lOC- 
1.4Mn-0.95Ni-0.5Mo-0.2Si-0.1Cr, i.e., 
lower in nickel and chromium and higher 
in manganese than the base metal. The 
differences in composition between the 
base metal and the weld metal lead to 
complex microchemical variations near 
the weld interface, where diffusion in the 
heat-affected zone (HAZ) is rapid and 
convective mixing in the rapidly solidify- 
ing weld metal becomes limited. This 
study evaluates the near weld interface 
region in two automatic submerged arc 
(ASA) welds, one manual shielded metal 
arc (SMA) weld, and one automatic gas 
tungsten arc (OTA) weld. Electron probe 
microanalysis compositional profiles and 
elemental distribution maps were ob- 
tained from each weld. The goals of this 
study of the region near the weld inter- 
face are to examine and understand the 
chemical and microstructural gradients, 
to compare the composition profiles in 
automatic submerged arc, manual 
shielded metal arc, and automatic gas 
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tungsten arc welds, and to examine the 
implications of these gradients on brittle 
fracture properties. 

Materials and Experimental 
Procedures 

Table 1 identifies the materials used in 
each weldment as well as key processing 
parameters. The automatic arc welds 
were made using a nominally neutral flux, 
Oerlikon OP 121TT. The heat input for 
the manual shielded metal arc weld could 
not be calculated but is estimated to be 
between the heat input of the automatic 
submerged arc welds and the automatic 
GTA weld. A comparison of the meas- 
ured HAZ sizes supports this conclusion. 
Two heats of base metal material were 
procured as forged plate to ASTM 508-95 
Grade 4N Class 2. The bulk chemical 
analyses of each heat are provided in 
Table 2. Each weldment received a post- 
weld heat treatment of 5660C for 50 h fol- 
lowed by a slow cool of ll.l0C/h. All 
welds were nominally 101.6 mm (4 in.) in 
thickness. The length and width of the 
weld assemblies were nominally 914 mm 
(36 in.) and 203 mm (8 in.), respectively. 
The weld assembly was spot welded to a 
strongback during weld deposition. 

The weldments were sectioned to pro- 
vide bulk chemistry samples and samples 
for metallography. Each bulk chemistry 
sample was taken from the middle of the 
weld, where dilution from the base metal 
was not a factor. Metallographic sections 
were cut to locate several beads that tie 
into the base metal, which included some 
bulk A508 Grade 4N, its HAZ, and the 
weld interface. The samples were 
mounted and polished to provide a very 
flat surface for electron microprobe 
analysis. Following the microprobe work, 
the same samples were etched in 2% 
Nital to examine the same regions by light 
optical microscopy. 

Electron microprobe wavelength dis- 
persive spectrometry (WDS) was utilized 
to obtain quantitative compositional 
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Fig. 1 — Metallography showing MB and BJ locations. 

analyses of the base metal in the HAZ adjacent to the weld inter- 
face and the weld metal. The profiles started in the base metal ~75 
|a,m from the weld interface and proceeded across the boundary, 
~200 |im into the S3NiMol weld metal. These analytical profiles 
were measured using 5 |im step intervals, with a 5-|jm-diameter an- 

alytical spot, essentially providing a continuous compositional tra- 
verse across the base-metal/weld-metal interface. The quantitative 
analysis profiles were set up approximately normal to the interface. 
The measurements were made with a JEOL 8200 microprobe op- 
erated at 15-kV accelerating voltage and 40-nAnips probe current. o 

DC 

LU 
Table 1 — Materials and Processing Details for Weldment Fabrication 0) 

Weld Wire Weldment Welding Wire Weld Layout Heat Input Base LU 
Heat Designation Process^ Dia. 

(mm) 
No. 

Layers 
No. 

Passes 
(kJ/mm) Metal 

Heat 
DC 

158526 ASA-CR-10 ASA 2.36 26 115 1.86 G1969 O 
202504 ASA-CR-12 ASA 2.36 25 114 1.86 G1969 2 

412W0131 SMA-CR-2 SMA 3.97 36 196 NA 27-3581 

Q Lot 3004A 
158526 GTA-CR-8 AGTA 1.14 53 577 1.50 27-3581 

LU 
(a) ASA = Submerged arc welding (automatic); SMA = shielded metal arc (manual); AGTA = gas tungsten arc welding (GTAW, automatic) 5 

Table 2 — Chemistry of A508 Grade 4N Base Metals 

Element 

C 
Ni 
Cr 
Mn 
Mo 
Si 
V 
P 
s 

Sn 
As 
Sb 
Cu 
N 
O 
Fe 

A508 Grade 4N Composition (wt-%) 
G15 )69 27- 5581 

Product 1 Product 2 Certification Overcheck 

0.21 0.22 0.21 0.20 
3.48 3.44 3.46 3.52 
1.70 1.68 1.65 1.63 
0.28 0.27 0.27 0.27 
0.48 0.47 0.44 0.43 
0.08 0.08 0.05 0.06 

0.018 0.01 0.010 0.009 
0.006 0.007 0.009 0.007 
0.001 0.003 0.010 0.008 
0.002 NA 0.004 0.005 
0.004 NA <0.01 0.007 

< 0.001 NA •cO.OOl 0.0001 
0.06 NA 0.05 0.05 

0.0081 NA 0.0031 0.0039 
0.0023 NA 0.0029 0.0030 

bal bal bal bal 
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- Electron microprobe nickel maps showing analysis locations (decreasing concentration from 
^^   green > light blue > dark blue). 

The resulting analyses had element detec- 
tion limits on the order of 300 ppm (0.03 
wt-%) and analytical uncertainty of ~2% 
relative for major elements (those present 
at > 10 wt-%), ~5% relative for minor el- 
ements (1-10 wt-%), and 10-20% relative 
for elements present at concentrations 
below 1 wt-%. Pure metal standards were 
used for element calibrations. Element 
distribution maps were also acquired to 
qualitatively show compositional distribu- 
tions of elements over larger areas of the 
sample. Note that the carbon analyses are 
higher than bulk levels and are considered 
unreliable due to surface contamination 
buildup on the metallographic mount as 
the beam impinges on the sample. 

Multiple locations were selected for 
electron microprobe evaluation. The com- 
positional profiles from the A508 Grade 
4N across the weld interface into the weld 
bead were located at either mid-bead 

(MB) or the bead joint (BJ). The MB lo- 
cations cross the weld interface in the mid- 
dle section of the weld bead. The BJ loca- 
tions cross the weld interface where two 
stacked beads meet. These locations are il- 
lustrated in the metallographic images of 
Fig. 1 and the nickel distribution maps in 
Fig. 2. In ASA-CR-10, an analytical profile 
was measured near the center of the weld 
to obtain quantitative microprobe data in 
a region removed from, and not influ- 
enced by, the dilution from the base metal 
to facilitate a direct comparison between 
the quantitative microprobe data and the 
wet chemistry data. Finally, two line traces 
were done within weld beads crossing the 
weld interface between beads as bead-to- 
bead (BB) locations; the beads were adja- 
cent to the weld interface. These traces 
served to characterize the local variability 
in composition due to weld bead solidifi- 
cation without having to deal with the gra- 

dient  in  composition  near  the  weld 
interface. 

Compositional profiles were obtained 
from the following locations in the weld: 
• ASA-CR-10: three MB locations, one BJ 

location, one BB location, one location 
in the weld away from the weld inter- 
face (reference to bulk metal composi- 
tion measured by wet chemistry); 

• ASA-CR-12: four MB locations, three 
BJ locations; 

• SMA-CR-2: five MB locations, three BJ 
locations; 

• GTA-CR-8: three MB locations, three 
BJ locations, one BB location. 
Many of these locations are identified 

on Fig. 2. Subsequent results and discussion 
will excerpt representative data to illustrate 
specific points. Metallographic examina- 
tion was done to relate the composition 
profiles to the microstructure, including 
the specific locations for composition 
analysis, which exhibited a metallographic 
etching response. 

Results and Discussion 

Nickel distribution maps indicating the 
locations for microprobe analytical pro- 
files are shown in Fig. 2. The color scale as- 
signs lower nickel to darker colors, i.e., the 
darkest blue is always the weld. The met- 
allographic images, as exemplified by Fig. 
1, are reversed compared to the micro- 
probe elemental map due to the reversed 
optics of the metallograph. 

The microprobe quantitative composi- 
tions have uncertainties of 5-10% relative 
for the minor elements, as noted above. 
The bulk chemical analyses for all welds 
are listed in Table 3. A comparison of wet 
chemistry results and microprobe results 
is given in Table 4 for the ASA-CR-10 weld 
metal. The microprobe compositions for 
Mn, Ni, and Cr tend to be slightly higher 
than the wet chemistry results, but the 
agreement for Mo and Si is good. The Cr 
composition is —0.2 wt-% higher for the 
microprobe results, a bias that is also re- 
flected in the base metal Cr levels. As 
noted above, carbon values determined by 
microprobe are considered unreliable due 
to sample surface contamination, so they 
are neither reported nor considered in the 
subsequent discussion. 

Etching the weldments in 2% Nital fol- 
lowing the microprobe data acquisition re- 
vealed both the microstructure of the 
weld/HAZ and the locations of the micro- 
probe analyses. The electron microprobe 
beam generates a (carbon) contamination 
spot, which has an etching response at the 
individual analysis locations that is differ- 
ent from the surrounding material. Figure 
1 shows examples of the locations of line 
scan profiles. Figure 3 demonstrates that 
individual analysis points can be resolved 
optically at higher magnification. The mi- 
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.F;g. 5 — Composition and microstrucure of ASA-CR-10, MB2. 

croprobe analysis locations are easiest to 
resolve in the HAZ but more difficult in 
the weld due to the refined acicular ferrite. 
This detail of information enables specific 
locations to be matched with the chem- 
istry. The automatic submerged arc 
HAZ/weld is discussed initially. The man- 
ual shielded metal arc and automatic GTA 
HAZ/weld demonstrate a more refined 
microstructure, so they are considered in 
the context of the automatic ASA results. 

Heat-Affected Zone Behavior 

A key reference point is the location of 
the weld interface. Often, the weld inter- 
face is quite distinct in metallographic im- 
ages, such as Fig. 3. The composition at 
the weld interface is located on the micro- 
probe profile by matching points to indi- 
vidual compositional analyses. The dis- 
tance from the weld interface for the 
microprobe profile in Fig. 3 reflects this 
locating process and reveals that the weld 
interface is positioned at a composition 
more representative of the weld metal 
than the base metal. Thus, the rapid 
change in nickel, manganese, and 
chromium compositions occurs in the base 
metal HAZ rather than in the weld metal. 
This behavior is observed for all types of 
welds (automatic SAW, manual SMAW, 
and automatic GTAW) and regardless of 
the complexity of the composition profile 
in the weld metal. Since melting in the 
HAZ is not involved, a solid-state diffu- 
sion mechanism is considered to be oper- 
ating to produce these compositional 
gradients. 

The composition profiles demonstrate 
that there is mass transport of nickel and 
chromium from the A508 Grade 4N into 
the weld and mass transport of manganese 
from the weld into the base metal. Little 
diffusion of molybdenum is involved, since 

the concentrations are comparable in both 
the base metal and the weld. Diffusion cal- 
culations for nickel transport were done 
using literature data (Ref. 1). The diffu- 
sion coefficients are as follows: 

DNi in Fe = DQ 
exP (-Q/RT) cm2/s where Q 

is the activation energy and T is tem 
perature in K 

Delta phase: D0 = 9.7 cm7s, Q = 267.5 
kJ/mol 

Table 3 — Wet Chemical Analysis of Weld Deposits 

Element Composition (wt-%) 
ASA-CR-10 ASA-CR-12 SMA-CR-2 GTA-CR-8 

C 0.11 0.11 0.07 0.12 
Ni 0.94 1.16 0.97 0.94 
Cr 0.11 0.13 0.05 0.10 

o Mn 1.38 1.44 1.42 1.59 
Mo 0.53 0.57 0.41 0.52 
Si 0.15 0.20 0.36 0.16 cc 
V 0.005 0.007 0.006 0.005 

< P 0.012 0.005 0.006 0.009 
s 0.003 0.003 0.006 0.004 LU 

Sn 0.002 0.004 0.004 0.003 0) 
LU As 0.0050 0.0087 0.0087 0.0056 

Sb 0.0001 < 0.0001 0.0003 0.0001 
Cu 0.07 0.32 0.04 0.01 CC 
Al 0.014 0.016 0.004 0.023 
Ti 0.004 0.006 0.012 0.003 O 
N 0.005 0.003 0.008 0.004 z O 0.022 0.020 0.027 0.001 
Fe bal bal bal bal 

Q 
^j 
LU 
> 
^ 

Table 4 — Comparison of Wet Chemistry and Microprobe Results for ASA-CR-10 

Element Composition (wt-%) 
Wet Chemistry Microprobe 

(Table 3) (25 point average) 

Ni 
Cr 
Mn 
Mo 
Si 

0.94 
0.11 
1.38 
0.53 
0.15 

1.05 ± 0.11 
0.22 ± 0.02 
1.53 ± 0.14 
0.50 ± 0.06 
0.15 ± 0.013 

WELDING JOURNALE 



i«ge 

nm 

ijoe 
09 10 • •> 20 

Region Weld Process HAZ Process 

1 Superheated weld metal Dissipate superheat; weld arc heating melts 
contacts base metal base metal material into the weld 

2 Weld solidification HAZ held at high temperature: diffusion and prior 
austenite grain growth 

3 Solid-state cooling a: cool through 6-ferrite range 
and transformation b: cool through y-ferrite range (extends 

to lower temperature than shown in figure) 

Fig. 4 — Temperature profile for the solidification of an automatic SAW bead. 
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Figure 4 shows the temperature history 
I for solidification of a S3NiMol ASA weld 

bead near the melting point. These data 
were obtained by plunging an alumina 
sheathed thermocouple with a bare junc- 
tion into a molten weld bead and follow- 
ing the cooling/solidification process. The 
compositional evolution in the adjoining 
HAZ occurs in response to this high- 
temperature excursion in the weld. The 
processes are described in Fig. 4. The cal- 
culations demonstrate that most diffusion 
occurs when the base metal HAZ is in the 
8-phase near its melting temperature, i.e., 
when the weld is solidifying and immedi- 
ately following solidification. Thus, most 
diffusion occurs over a very short time 
span, which is estimated to be less than 5 s 
(time in Regions 2, 3a, and 3b extended 
over the y-phase of Fig. 4). A schematic 
representation showing the progressive 
development of the composition profile is 
presented in Fig. 5. 

A model for the composition profile in 
the A508 Grade 4N across the weld inter- 
face into the S3NiMol weldment was de- 
veloped based on an error function (erf) 
solution to Fick's second law of diffusion 
(Ref. 2). This semi-infinite solution is jus- 
tified because the size of both the base 
metal and weld are large compared with 
the extent of the diffusion zone. However, 
the model is an approximation, since the 
solid/liquid interface is moving in Region 
1 of Fig. 4 and the concentration at the 
base metal/weld interface is changing with 
time due to solidification of the weld. The 
form of the solution describing the nickel 
composition profile is 

C = Cw + (Cbm - Cw)/2 * [1 + erf 
(-x/2y(Dt)sum)] (1) 

Cbm = concentration of Ni in the base 
metal, assumed to be 3.6 wt-%; 

Cw = concentration of Ni in the 
S3NiMol weld bead adjacent to 
the weld interface, assumed to be 
1.5 wt-% (higher than bulk due 
to dilution from the base metal); 

x = distance from the location where 
the nickel content is the mean of 

Cbm and C^ (2.55 wt-%); 
(Dt)sum = a measure of the diffusion 

distance calculated by summing 
the incremental Dt contributions 
over Regions 2 and 3 in Fig. 4. 

The fit between the simulation and the 
microprobe data is quite good for Ni, as 
shown in Fig. 6. Application of the model 
to Cr and Mn profiles produced model fits 
in agreement with the electron micro- 
probe data. The simulation results are 
translated along the X-axis to align with 
the experimental microprobe data. The 
simulations accurately reproduce the ex- 
perimental results, which corroborates the 
proposed diffusion mechanism. The data 
and model results are not symmetric about 
the weld interface, which would be ex- 
pected in a completely solid-state diffu- 
sion process. More than half of the diffu- 
sion penetration is predicted to occur 
during weld bead solidification; no com- 
position gradient is expected in the weld 
metal when it has a substantial liquid frac- 
tion, as shown schematically in Fig. 5. 

The width of the compositional transi- 
tion region in the HAZ will depend on the 
welding thermal history. The automatic 
GTA regions are narrower than those of 
the automatic SAW or manual SMAW. 
The lower heat input and resulting shorter 
time near the melting temperature reduce 
the extent of diffusion. If a location is re- 
heated during subsequent weld pass(es), 
the transition is expected to be broader. 
This trend is confirmed by the BJ compo- 
sition profiles for all three types of welds, 
where the bead joint region experiences 
more than one heating cycle. 

Near Weld Interface Weld Composition In 
Automatic SAW 

This section describes the composition 
profiles on the weld metal side of the weld 
interface. The discussion will concentrate 
on automatic SAW, which lays the ground- 
work for discussion of manual SMAW and 
automatic GTAW compositions in the 
next section. The behavior of the near 
weld interface region in the weld during 
weld solidification is deduced based on 
correlation of the composition profiles 
with the microstructure. 

Five weld composition archetypes have 
been identified, two of which have already 
been introduced. Figure 3 shows a rela- 
tively flat composition profile in the weld 
metal, which indicates no anomalous 
melting of base metal. In contrast, a com- 
monly observed near weld interface weld 
metal composition profile has a local max- 
imum for nickel and chromium in the weld 
metal less than 50 |a,m from the weld in- 
terface, as shown in Fig. 7. The following 
five composition profiles demonstrate the 
variants of the near weld interface compo- 
sition. The nickel concentration is plotted. 
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Fig. 5 — Schematic of composition profile development near the weld 
interface. 

Fig. 6 — Comparison of microprobe data and diffusion model. 
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Fig. 7 — Local maximum ofNi and Cr in an automatic SA weld. A — Composition; B — microstructure. 

since it best illustrates the trends. Figure 8 
compares the nickel profiles that have in- 
creasing amounts of local enrichment: 

A) Flat composition profile: extracted 
from Fig. 3; 

B) Narrow plateau: ASA-CR-10 BJ1; 
C) Small composition peak: ASA-CR- 

12 MB2; 
D) Large composition peak: extracted 

from Fig. 7; 
E) Multiple peaks: SMA-CR-2 BJ1 and 

BJ2. 
The origin of the local maxima in com- 

position (e.g., Fig. 8, profiles C, D, and E) 
is the A508 Grade 4N base metal, which 
melted into the weld pool but is not fully 
mixed into the weld metal. The comple- 
mentary Ni and Cr profiles are proof that 
the base metal is the origin, because ele- 
vated Cr in the weld metal can only origi- 
nate in the A508 Grade 4N. The composi- 
tional peak is attributed to melted, but 

only partially mixed, base metal that was 
not washed away from near the weld in- 
terface by convective currents in the weld 
pool (Ref. 3). Microstructural evidence of 
unmixed material is often correlated with 
the composition peaks of Ni and Cr. The 
region in Fig. 7 delineated by the oval con- 
tains the secondary compositional peak 
and has a coarser microstructure than the 
surrounding weld metal. An example of an 
extended unmixed band is shown in Fig. 9. 
The coarser microstructure in the band 
correlates with the difference in chemistry 
compared with the surrounding weld 
metal. The bead joint (BJ) regions are 
somewhat more prone to unmixed zones 
compared with the mid-bead (MB) re- 
gions, which might be related to the reheat 
history from the subsequent weld bead. 
However, the absence of secondary peaks 
can be observed in BJ regions and peaks in 
MB locations (Fig. 7). 

The unmixed regions can complicate 
the identification of the weld interface lo- 
cation. In the previous examples, the weld 
interface is distinctly evident in the mi- 
crostructure as the transition between the 
coarse lath martensite in the A508 Grade 
4N HAZ and the acicular ferrite in the 
weld. The weld interface noted in Fig. 3 is 
very distinct in this region where no un- 
mixed zone is present. Examples of highly 
banded weld interface regions are shown 
in Fig. 10. These regions present alternat- 
ing narrow bands of microstructure re- 
sembling S3NiMol weld and A508 Grade 
4N, which might qualify them as partially 
melted zones. All bands and composi- 
tional discontinuities examined by micro- 
probe were found to be partially mixed. 
Two bands, which have separated from the 
base metal into the weld metal, are shown 
in Fig. 11. No microprobe data are avail- 
able for these specific regions, but sub- 
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f/g. 9 — Examples of extended unmixed regions. A — Arrows show unmixed band. (Note that the band is continuous and does not extend the length of the 
bead. The location of the microprobe trace is delineated by the line that crosses the weld interface.) B — Higher magnification view of region scanned by mi- 
croprobe. The arrows denote a segment of the band noted in A. The weld interface and maximum concentration (Max.) correspond to the locations and com- 
positions shown below. The peak concentration ofNi and Cr in the weld metal is approximately 50 \xm from the weld interface. C — Microprobe profile across 
an unmixed band. Note the strong correlation between the nickel and chromium concentration profiles. 

stantial variation in composition across 
these features is expected. No evidence for 
unmixed bands was found. 

The macrosegregation shown in these 
welds was discussed recently by Kou and 
Yang (Ref. 4), who proposed solidification 
processes that can explain the features 
shown in this study. The terms "unmixed" 
and "partially mixed" zones were first ob- 
served and reported by Savage et al. (Refs. 
5 and 6), while working on welded HY-80, 
which is similar in composition to the 
A508 Grade 4N studied here. Examples of 
the features observed in Figs. 7, 9-11 are 
seen in other studies of dissimilar ferritic 
welds (Refs. 6-9). 

Welding Effects on Weldment 
Composition Profiles 

The previous section presented the 
technical evidence for unmixed zones 
being responsible for compositional fluc- 
tuations (secondary peaks) in automatic 
submerged arc welds. The same processes 
are operative in manual shielded metal arc 
and automatic gas tungsten arc welds, but 
the composition profiles develop some- 
what differently because of differences in 
welding process history. The automatic 
SA welds have the highest heat input, 
which is calculated to be 1.86 kJ/mm. The 
automatic GTA weld has the lowest heat 
input of 1.50 kJ/mm. Including arc effi- 
ciency will further separate the heat inputs 
for the automatic SA and GTA welds be- 
cause the arc efficiency is greater for au- 
tomatic SA welds. The effect of heat input 
is most evident in the HAZ microstruc- 
ture. The automatic SA welds show sub- 

stantial prior austenite grain growth in the 
base metal adjacent to the weld interface, 
as noted in Fig. 1 and also seen in Figs. 7, 
9-11. The HAZs adjacent to the weld in- 
terface in the manual SMA and automatic 
GTA welds have not experienced grain 
growth to the same extent, as shown in 
Figs. 12 and 13, respectively. The HAZ 
grain size is smallest in the automatic GTA 
weld and somewhat larger in the manual 
SMA weld, but not as large as in the auto- 
matic SA welds. Consequently, the heat 
input for the manual SMA weld is proba- 
bly between the levels for the automatic 
SA and GTA welds. The refined HAZ 
grain size in manual SMA and automatic 
GTA welds complicates the identification 
of the weld interface location because the 
refined microstructure resembles the fine 
acicular ferrite in the weld. 
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Fig. 10 — Two examples of multiple bands in the vicinity of the weld interface. 

Fig. 11 — Unmixed regions in the vicinity of a bead joint. 

The manual SMA weld often demon- 
strates compositional fluctuations in the 
weld. The bead joint locations show sig- 
nificant fluctuations, which exceed the 
fluctuations measured in the automatic 
SA welds. Figure 12 shows the only signif- 
icant mid-bead fluctuation in five loca- 
tions that were sampled. The nature of 
manual welding is expected to lead to 
more complicated behavior near the weld 
interface. The welder's need to ensure 
good tie-in with the base metal leads to 
torch motion, local dwells, and reheats, 
which could be manifested as an increased 
prevalence of unmixed base metal and dif- 
fusion into the HAZ. 

The automatic GTA weld showed little 
unmixed material, as seen in Fig. 13. The 
largest composition peak in the weld, even 
in the bead joint regions, was very modest 
in extent. The most significant feature in 
the bead joint regions was an extended dif- 

fusion profile into the A508 Grade 4N 
HAZ, which is attributed to reheats by 
subsequent beads that are quite close to- 
gether due to the small bead size in auto- 
matic GTA welds. 

Effects of the Near Weld Interface 
Composition Variations 

The unmixed zones are believed to in- 
fluence the fracture properties of the mate- 
rial near the weld interface. Charpy V-notch 
specimens were configured to test the HAZ 
in automatic SA welds, but the fracture path 
was found to jump from the HAZ to near 
the weld interface, as seen in Fig. 14. This 
behavior was prevalent in material that was 
intentionally temper embrittled by expo- 
sure at 4270C for 6-12 months, which is 
known to increase the ductile to brittle tran- 
sition temperature in A508 Grade 4N (Ref. 
10). This behavior is characteristic when 

brittle fracture modes were operative, i.e., 
for testing done on the lower shelf and in the 
lower portion of the transition region of the 
Charpy transition curve. 

A low-magnification scanning electron 
microscope view of the fracture surface is 
shown in Fig. 15. The fracture surface is 
composed of alternating bands of inter- 
granular and transgranular failure along 
the direction of crack propagation. Inter- 
granular fracture along prior austenite 
grain boundaries has previously been 
identified as prevalent in temper embrit- 
tled A508 Grade 4N (Ref. 10). Cosegre- 
gation of nickel (not an embrittler) and 
phosphorus (a strong grain boundary em- 
brittler) creates a localized prior austenite 
grain boundary chemistry with increased 
temper embrittlement susceptibility. 
Manganese, a weak embrittler, is also be- 
lieved to cosegregate with the nickel and 
phosphorus. 
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Fig. 12 — Composition and microstructure of SMA-CR-2, MB1. 
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Fig. 13 — Composition and microstructure ofGTA-CR-8, MBS. 

The unmixed zones have locally ele- 
vated nickel content, as observed in Figs. 
7-9, and 12. Local bands with elevated 
nickel content are believed to correspond 
to the intergranular bands seen in Fig. 15. 
The nickel content is locally increased, 
which, in the presence of manganese and 
impurity phosphorus in the weld metal, 
enhances the susceptibility to temper em- 
brittlement in this local region. The data 
indicate that a local nickel level of ~1.5 
wt-% is necessary. When no unmixed 
zones are present (e.g., Fig. 3), the local 
chemistry leads to significantly less temper 
embrittlement, so transgranular quasi- 
cleavage occurs, as exemplified by the 
right side of Fig. 15. The alternate band- 
ing of intergranular and transgranular 
cracking observed in thermally exposed 
welds is a manifestation of alternating 
mixed and unmixed regions. Effectively, 
the base metal has transferred temper em- 
brittlement susceptibility to the weld 
metal through the presence of the un- 

mixed zones. The evaluation of the mi- 
crostructure and microchemistry shows 
that only local regions develop unmixed 
zones. Metallography and fractography 
demonstrate that the intergranular frac- 
ture is confined to the weld side of the 
weld interface. The metallography shows 
that the fracture path through the weld is 
displaced 50-75 |im from the weld inter- 
face, which corresponds with the local 
maximum in nickel content. The implica- 
tion of this observation is that the steep 
concentration gradient in the HAZ is not 
associated with the fracture process. 

Conclusions 

The following conclusions are reached 
as a result of this study: 

1) The steep gradient in Ni, Cr, and Mn 
compositions between the A508 Grade 4N 
base metal and the S3NiMol weld occurs 
in the base metal HAZ as a consequence 
of solid-state diffusion, primarily as the 

weld bead solidifies and shortly thereafter 
when the HAZ region adjacent to the weld 
interface is 8-ferrite. 

2) Local enrichment of nickel and 
chromium and depletion of manganese in 
the weld metal are manifested as plateaus, 
peaks, and valleys within approximately 75 
|a,m of the weld interface. The source of 
the nickel and chromium is the A508 
Grade 4N base metal, where unmixed 
zones develop during weld solidification. 
Intermittent enrichment is observed to be 
favored in regions where two stacked 
beads meet the base metal. 

3) Automatic and manual shielded 
metal arc welds are prone to unmixed be- 
havior, but automatic gas tungsten arc 
welds are much less susceptible due to 
the lower heat input during welding and, 
therefore, shorter time near the melting 
temperature. 

4) The local unmixed zones in the weld 
metal result in increased susceptibility to 
temper embrittlement due to the local 
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Fig. 14 — Metallographic section showing the fracture path through a 
Charpy specimen. (Charpy V-notch test was done at -1150C, and the spec- 
imen absorbed 11J. The notch depth is nominally 2 mm.) 

Fig. 15 — Macroscopic fracture surface from broken HAZ Charpy speci- 
men. (Charpy V-notch test was performed at -84.4°C, and the specimen ab- 
sorbed 11 J.) 

chemistry. Local bands of intergranular 
and transgranular crack propagation on 
the weld side of the weld interface corre- 
late with the local chemistry variations as- 
sociated with the unmixed zones. 
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