
The Interface below Stainless Steel and 
Nickel-Alloy Claddings 

Knowledge of hard zones formed in the fusion boundary is important 
in the selection of consumable, procedure and PWHT 

BY M . F. GITTOS A N D T. G. G O O C H 

ABSTRACT. The formation of micro-
structures across cladding interfaces was 
examined with an emphasis on the fused 
region as-welded and after postweld heat 
treatment (PWHT). The strip submerged 
arc and shielded metal arc welding pro
cesses were used to deposit austenitic 
stainless steel and nickel-alloy consum
ables on to 2'/iCr-1 Mo steel. Optical and 
electron microscopy were employed, 
wi th energy dispersive x-ray and elec
tron probe microanalysis for examining 
major alloying elements and carbon. The 
observations were related to the results 
of hardness, bend and crack tip opening 
displacement (CTOD) toughness testing. 

The microstructure at the interface 
was related to consumable composition 
and dilution. A narrow martensite band 
was formed in the as-welded condition 
wi th in the zone of partial mixing. As 
shown by other workers, PWHT resulted 
in carbon migration and intense carbide 
precipitation within the weld metal, to
gether with formation of a decarburized 
zone in the steel when stainless steel 
weld metal was used but not with nickel-
alloy weld metal. Although PWHT 
caused decomposition of the original in
terfacial martensite, high hardness (500 
HV) was maintained in the weld metal 
over a distance of approximately 100 |im 
adjacent to the interface. This hardness 
was ascribed to the high carbide volume 
fraction and to the development of vir
gin martensite on cool-down after PWHT 
— martensite arose both because the 
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PWHT temperature exceeded the local 
Ac, and because carbide precipitation 
destabilized the austenite phase. The 
width of the hard zone depended on the 
compositional gradient, being greatest 
wi th stainless steel deposits of lowest 
alloy content and least with nickel-alloy 
consumables. 

The hard zone was of high strength, 
but low ductility, causing cracking dur
ing side bend tests. Further, decarbur
ization of the substrate HAZ induced sig
nificant reduction in fracture toughness, 
CTOD levels below 0.02 mm being 
found at room temperature when using 
stainless steel consumables. 

Introduction 

Stainless steel and nickel-alloy con
sumables are often used to make joints 
in, or surfacing on, ferritic steels. A l -

KEY WORDS 

Stainless Steel 
Stainless Surfacing 
Nickel Alloys 
Ni-Alloy Surfacing 
2'/4Cr-1 Mo Substrate 
Carbon Steel Substrate 
Strip Submerged Arc 
Shielded Metal Arc 
Postweld Heat Effect 
Interface Regions 

though relatively uniform mixing occurs 
in the bulk weld metal, complex micro-
structures develop close to the fusion 
line where a gradient in composition be
tween the base metal and the weld metal 
is formed (Refs. 1-3). Further, the mi
crostructure of this zone wi l l be signifi
cantly affected by a postweld heat treat
ment (PWHT) operation (Refs. 4, 5). 

An understanding of the interfacial 
microstructure becomes an important 
input into the selection of welding con
sumables and procedures, and of the 
PWHT cycle applied. Various workers 
have examined the interface between 
ferritic steel and stainless steel or nickel-
alloy weld metal, particularly with ref
erence to high-temperature service be
havior (Refs. 6-9). It is well recognized 
that carbon migration takes place from 
the base steel into the fused zone dur
ing either PWHT or service at elevated 
temperatures, and considerable data 
have been generated on the significance 
of such effects on the creep properties 
of the welded assembly. However, it is 
not always appreciated that significant 
metallurgical changes take place also in 
the weld metal close to the fusion bound
ary. The development of a hard zone has 
been reported (Ref. 10), but, whi le this 
might be expected to modify low-tem
perature mechanical properties and, in
deed, induce sensitivity to hydrogen em
brittlement, the effect has not been fully 
defined. 

The present work was carried out to 
examine in more detail the microstruc
tural changes taking place in stainless 
steel or nickel-alloy weld metal, aclja-
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Table 1 — Compositions of Base Steels 

Steel 
Type 

2!4Cr-1Mo 

Carbon steel(a) 

C 

0.11 
0.14 
0.20 

S 

0.021 
0.004 
0.03 

P 

0.026 
0.006 
0.03 

Element wt 

Si 

0.17 
0.22 
0 . 1 -
0.4 

Mn 

0.64 
0.42 
0.9-
1.5 

-% 
Ni 

0.13 
0.11 
0.3 

Cr 

2.25 
2.19 
0.25 

Mo 

1.01 
0.98 
0.1 

Cu 

0.14 
0.03 
0.3 

a BS 1501-224 specification, Gr 430, maximum values, unless otherwise indicated: 0.015 Al minimum. 

cent to a fusion boundary with a ferritic 
base steel. Attention was concentrated 
on claddings produced on 2 1/4Cr-1Mo 
steel by different welding processes, sub
jected to PWHT as required by the sub
strate material. Some deposits were pro
duced on carbon steel. 

Examination was carried out by op
tical and electron microscopy, with elec
tron probe microanalysis (EPMA) and 
energy dispersive x-ray analysis (EDX) 
for major alloying elements and carbon. 
The microstructural observations were 
related to the results of hardness, bend, 
tensile and CTOD toughness testing. 

Experimental Procedure 

Clad Sample Production 

The work was based on two 50-mm 
(2-in.) thick 2'/..Cr-1 Mo steels — Table 
1. Claddings were produced mainly by 

submerged arc welding with strip elec
trodes (SAW-S), in view of its widespread 
industrial use. Different strip sizes were 
used, giving variation in current density 
within the consumable. Deposits were 
produced also by shielded metal arc 
(SMA) welding. 

In general, 309 type consumables 
were utilized for the first layer, with 347 
for the second layer. However, to vary 
the composit ion of the first layer, de
posits were produced using 308L, 
309Nb or 309LMo consumables. Some 
single layer claddings were studied, pro
duced on carbon steel blocks (Table 1) 
by the SAW-S process, using 308L and 
347 strip with flux enriched in alloying 
elements to counter dilution by the sub
strate. In addit ion, submerged arc strip 
deposits were produced using nickel-
based consumables to AWS ERNiCr-3. 

A summary of welding conditions 
used is given in Table 2. Representative 

first-layer analyses are shown in Table 
3. Single-layer claddings were about 
4.5-mm (0.1 8-in.) thick, the two-layer 
SAW-S and SMA claddings being some 
9 and 5.5 mm (0.35 and 0.22 in.) thick, 
respectively. 

Postweld Heat Treatment 

A standardized PWHT of 30 h at 
690°C (1 275°F) was employed, but sam
ples were also heat treated at tempera
tures between 650° and 720°C (1200° 
and 1 330°F) for varying times. Temper
ature control was by means of plat-
inum/platinum-1 3% rhodium thermo
couples peened into the block surface. 

Sample Examination 

Metallography 

Metallographic sections were cut 
from each sample, normal to the fusion 
boundary. Both mechanical and elec
tropolishing techniques were used, fol
lowed by electrolytic etching in sulfuric 
acid and/or immersion in 2% nital. 

For transmission electron micro
scopy, carbon replicas were taken from 
the cladding/base metal interface region 
for material both as-welded and after the 
standard PWHT. Thin foils were pre
pared by electropolishing 3-mm (0.12-
in.) diameter discs stamped out from thin 

Table 2 — Welding Conditions 

Base 
Steel 

2 Vi Cr-1 Mo 

C-steel 

2 Vi Cr-1 Mo 

Process 

SAW-S 
SAW-S 
SMA 
SAW-S 

SAW-S 

Consumable 
Types'3' 

309L/347,309Nb/347 
309LMO/308L308L/347 
309L/347 
309L/347 
308L,347 

ERNiCr-3/ERNiCr-3 

Consumable 
Size (mm) 

60 X 0.5«b> 

75 X 0.4,c) 

4 diam 
50 X 0.5 

60 X 0.5 

Preheat/ 
Interpass 

(°Q 

200/300 

150/200 
150/150 
150/200 

200/300 

Voltage 
(V) 

28 

26 
22 
30 
30 
30 

Current 
(A) 

750 

1200 
135 
600 
800 
700 

Travel Speed 
(mm/min) 

120 

190 
300 
150 
150 
120 

Arc Energy 
(kj/mm) 

10.5 

9.9 
0.6 
7.2 
9.6 
10.5 

a First layer/second layer. 
b Low current density in strip, 
c High current density in strip. 

Table 3 — Chemical Analyses of First Layers of Deposited Claddings (21ACr-lMo Base Steel) 

First-Layer Composition (wt-%) 
Consumable 

Type 

309L/347 
309L/347 
309Nb/347 
309MO/308L 
308L/347 
309L/347 
ERNiCr-3 
ERNiCr-3 

Process 

SAW-S<a> 
SAW-S<b> 
SAW-S 
SAW-S 
SAW-S 
SMA 
SAW-S 

C 

0.031 
0.035 
0.039 
0.031 
0.054 
0.044 
0.024 

S 

0.006 
0.007 
0.006 
0.006 
0.007 
0.009 
0.006 

P 

0.015 
0.017 
0.012 
0.014 
0.011 
0.018 
0.011 

Si 

1.02 
0.66 
0.94 
0.87 
0.78 
0.50 
0.53 

Mn 

0.91 
1.43 
1.11 
1.18 
0.90 
1.44 
3.58 

Ni 

11.3 
8.9 

11.0 
11.3 
8.6 
9.5 

65.6 

Cr 

20.6 
18.6 
20.1 
17.0 
15.7 
18.2 
17.9 

Mo 

0.12 
0.22 
0.17 
2.83 
0.19 
0.25 
0.10 

Nb 

0.02 
<0.01 

0.52 
<0.01 
<0.01 

0.03 
1.75 

O 

0.046 
0.070 
0.041 
0.034 
0.050 
0.060 
0.019 

N 

0.072 
0.024 
0.063 
0.043 
0.056 
0.037 
0.017 

Fe 

— 
— 
— 
— 
— 
— 

10.3 

a Low current density welding conditions, 
b High current density welding conditions. 
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slices cut transverse to the interface re
gion. 

Microanalysis 

Microanalyses of the cladding/base 
metal interface region were carried out 
using EPMA and EDX in the form of x-
ray line scans for carbon and major al
loying elements on the polished and 
etched sections. 

Ferrite Measurements 

The ferrite content of the first-layer 
weld metal was assessed from compo
sition via the Schaeffler diagram and by 
a Magne gauge instrument. Samples for 
Magne gauge measurements were ma
chined so that first-layer material only 
was the subject of each measurement, 
with 20 X 20 X 2-mm (0.8 X 0.8 X 0.08-
in.) slabs being stacked on top of each 
other to provide samples of adequate 
thickness. 

Mechanical Testing 

The Vickers hardness of each first-
layer deposit was measured using a 10-
kg load. Leitz microhardness measure
ments in the interface region were made 
with a 50- or 25-g load. 

Side bend test pieces were machined 
for room-temperature testing. The d i 
mension were nominally 30 X 50 X 6 
mm (1.2 X 2 X 0.24 in.). Bending was 
carried out up to 1 80 deg around a 25-
mm (1-in.) diameter former, and the 
specimens were examined continually 

Blank cut 
from panel 

Extension pieces 
electron beam 
welded 

CTOD specimen notched 
and fatigue-cracked 
at interface 

Fig. 1 — CTOD test piece extraction procedure. 

for signs of cracking and/or discontinu
ities. 

Tensile test pieces were produced by 
cutting 15-mm (0.6-in.) square through-
thickness slices from the required block, 
and friction welding a mild steel stub to 
the end of the slice corresponding to the 
original surface of the cladding. A round 
section tensile test piece (6.4-mm diam
eter, 22.5-mm gauge length) was ex
tracted from the resulting composite 
sample, ensuring that the friction weld 
lay within the specimen head. The first 
series of specimens was tested with a 
smooth gauge length, but all failed away 

from the interface in parts of the gauge 
length corresponding to the base metal. 
Subsequent samples were V-notched at 
the interface, to give a diameter of 4.5 
mm at the notch root w i th a notch tip 
radius of 0.1 mm. All tensile tests were 
carried out at room temperature. 

The CTOD specimens were pro
duced by cutting a through-thickness 
slice from the appropriate block, and 
electron beam welding extension pieces 
to the top surface of the cladding and to 
the original base plate underside (Fig. 
1). Specimen blanks were cut from this 
composite, machine notched and fa-
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Fig. 2 — Interface of 309L/347 SAW-S deposit as-welded. Left — Mechanically polished and electrolytically etched, 200X; 
right — electropolished, 500X. 
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Fig. 3 — Compositional 
traverses across as-welded SAW-

S cladding. A — 309Nb/347, 
EDX, CrKa, 250X; B — 

309Nb/347, EDX, NiKa, 250X; 
C — 309L/347, EPMA, carbon, 

300X. 

?S 
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tigue-cracked at the interface to give a 
final 25-mm-square specimen wi th a 
notch depth to specimen depth (a/w) 
ratio of 0.3. These specimens were tested 
in three-point bending at room temper
ature, and the results calculated accord
ing to BS5762 for CTOD testing. 

Results 

Metallurgical Examination 

Interface Shape 

The strip consumables produced the 
flatter interfaces, although the high cur
rent density SAW-S technique had a 
more rippling penetration compared to 
the low density SAW-S. The shielded 
metal arc cladding had by far the most 
uneven interface, with individual beads 
clearly evident. 

Microscopical ly, none of the inter
faces was flat, wi th all processes and 

consumables forming swirls of partially 
mixed material at the interface. Such ef
fects tended to occur at bead overlaps 
and consequently were most frequent 
with SMA deposition. In the as-welded 
condit ion, incompletely mixed regions 
showed microhardnesses of about 
380-435 HV. 

Stainless Steel Cladding: As-Welded 

The as-welded interface showed a 
light etching band 20-1 00 |im in width 
separating the 2'ACr-1Mo base metal 
from the normal duplex austenite-ferrite 
weld metal structure — Fig. 2A. EDX and 
EPMA line scans across the boundary 
indicated an approximately linear 
change in chromium and nickel con
centrations between the levels appropri
ate to the clad layer and the base metal 
— Fig. 3. This change was accomplished 
with in the width of the ferrite-free re
gion adjacent to the base metal. Wi th 

normal mechanical polishing and etch
ing, this region showed no structural fea
tures, but electropolishing revealed it to 
contain an acicular, apparently marten
sitic structure next to the base metal — 
Fig.2B. 

Microhardness tests indicated the 
2%Cr-1Mo steel HAZ to be about 
300-380 HV. As the fusion boundary 
was approached, this hardness was 
maintained or sometimes slightly lower 
values were recorded, possibly as a re
sult of decarburization during welding 
— Fig. 4. Once the fusion line was 
crossed, microhardness rose rapidly, 
reaching a peak of around 440 HV, be
fore falling rapidly to the bulk first-layer 
level of below 200 HV. 

Stainless Steel Cladding: Postweld Heat 
Treated 

There were considerable changes in 
interface microstructure on postweld 

Fig. 4 — Microhardness survey (50 g) 
on as-welded sample from 309L/347 

SAW-5 cladding, electropolished, 
200X. 
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Fig. 5 — Different regions of interface of 309L/347 SAW-S deposit, PWHT 690°C/30 h. A 
nital and electrolytically polished. 

400X; I 200X, etched in 2% 

heat treatment. Even after heat treatment 
for only 1 h at 650°C, samples showed 
a dark etching region at the interface on 
the stainless steel side — Fig. 5. From 
optical examination at high magnifica
tion, this contained a fine distribution of 
extremely small particles, wi th an un
derlying acicular structure. The parti
cles, presumably carbides, were too 
small for any detail to be resolved, but 
their arrangement appeared to be ran
dom. 

Whi le heavy precipitation had 
clearly occurred in the region that was 
martensitic in the as-welded condition, 
the remainder of the light etching zone 
appeared little changed when observed 
on sections prepared by mechanical pol
ishing, although any grain boundaries 
present became more clearly delineated. 
However, electropolishing showed that 
feathery fresh martensite had formed in 
the light etching band on the edge of 
that part tempered and "carburized" dur

ing heat treatment — Fig. 6. Moreover, 
microhardness indentations caused ad
ditional martensite laths to form, imply
ing marginal austenite stability — Fig. 
6Aand B. 

Precipitation was also seen on the 
edge of the bulk austenite/ ferrite weld 
metal structure. The extent of this pre
cipitation decreased with increasing dis
tance from the fusion boundary, the ef
fect being detectable for up to 1 75-200 
um — Fig. 5. 

» * "° • * * 

1 

* " 

r% ' " " ' ,*• ^ • 

f' Ym 

9 

'jfeu. 

\ 

J 

->< 

• 
0 • 

* 

• 

» 

• 

'"« 

^z*&5*°^^*^- **a<fe 

• 
• 

\ \ 

i*> 

Qy 

Fig. 6 — Interface of 309L/347 SAW-S PWHT 690°C/30 h.A — 500X; B — 500X, electrolytically polished. Note additional 
martensite laths at indents. 
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F/g. 7— Transmission electron micrographs of carbon replicas from the base metal/cladding interface of 309L/347 SAW-5 cladding, PWHT 
6CTC/30 h. Left — 5K; right — 12K. 

The extent to which these mi
crostructural features developed varied 
considerably along the fusion boundary 
of individual specimens (Fig. 5A and B) 
for example, being taken on the same 
section. This variability was also noted 
by Kinoshita, ef al. (Ref. 11). Despite 
this, similar features were observed for 
all the various base steels, stainless steel 
consumables and cladding procedures. 

Transmission electron micrographs 
of the interface for 309L/347 strip 
cladding after PWHT are shown in Figs. 

7 and 8. The carbon replicas (Fig. 7) i l 
lustrate the acicular structure of the in
terfacial band and the carbide precipi
tates, which have a gradient in size from 
very coarse at the base metal side to fine 
toward the cladding. The coarse car
bides are also evident in the thin foil mi
crographs — Fig. 8. Electron diffraction 
examination of the foils identified the 
carbides as having the chromium-r ich 
M2 3C6 type structure. No other carbides 
were identif ied close to the interface, 
even in deposits using 309Nb or 

309LMo first-layer consumables. Simi
lar results were obtained by Yasuda, ef 
al. (Ref. 12). Selected area diffraction 
(SAD) of regions displaying a high-car
bide density showed the matrix to be 
variously ferrite (or tempered marten
site) close to the interface (Fig. 8) or 
austenite farther away. 

Compared with the movement of car
bon, marked migration of the major al
loying elements (Cr and Ni) would not 
be expected during the heat treatments 
employed here, and x-ray line scans 

Fig. 8 — Thin-foil transmission electron 
micrographs of the intedacial carbide band in 
309L/347 SAW-S cladding, PWHT 69CPC/30 h. 
A — Bright field showing coarse carbides; B and 
C — Bright and dark field micrographs of the 
same region. The reflection used for C was from 
M23C6. Upper left — WOK; upper right — 11 OK; 
lower left — 60K. 
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s h o w e d l i t t l e d e t e c t a b l e c h a n g e in t h e 
d is t r ibut ion of these elements. M ig ra t i on 
o f c a r b o n , h o w e v e r , had c l e a r l y taken 
p lace, as ind ica ted in Fig. 9 . The carbon 
concent ra t ion reached a peak just inside 
the stain less steel layer , and t h e n d e 
creased to the bu lk w e l d metal level over 
a fa r ther 2 0 0 | i m or so. The reg ion o f 
m a r k e d l y e leva ted c a r b o n con ten t was 
up to some 50 u.m in w i d t h , and carbon 
leve l was inc reased in b o t h da rk e t c h 
i ng a n d the " f e a t h e r y " reg ions . Sec
o n d a r y peaks w i t h i n t he w e l d meta l 
w e r e no ted , p resumab ly f r o m the e lec
t ron beam st r ik ing a large ca rb ide part i 
c le or a cluster of part ic les. Precise quan
t i ta t ive ca rbon analyses we re not made 
because o f t h e e x t r e m e c o m p o s i t i o n a l 
g rad ien ts a n d , m i c r o s t r u c t u r a l n o n h o 
mogene i t y resul ted in s ign i f i can t var ia 
t i on in co r rec t i on factors over short d is
tances. H o w e v e r , re lat ive to the ca rbon 
c o n t e n t of t he b u l k c l a d d i n g , t he est i 
mated average carbon level at the inter
face for the standard 690°C/30 h P W H T 
cyc le rose to approx imate ly 0.9 w t - % . 

A deca rbu r i zed reg ion of the C r - M o 
H A Z was observed in heat t reated sam
p les. Th is w a s v i s i b l e o n l y as a lessen
ing o f the c a r b i d e dens i t y at l o w t e m 
p e r a t u r e / t i m e comb ina t i ons , but deve l 
o p e d w i t h inc reas ing t i m e and temper 
a ture in to a d e f i n i t e c a r b i d e - f r e e z o n e 
w i t h coarsen ing of the rema in ing ferr i te 
grains to a grain size o f abou t A S T M N o . 
5 in a 720°C/1 0 h spec imen — Fig. 1 0. 
Fur ther , hardnesses in t he fe r r i t i c H A Z 
we re m u c h reduced , and the region that 
prev ious ly gave a value of about 380 H V 
fe l l t o a r o u n d 1 5 0 H V af ter heat t reat 
ment for 30 h at 690°C and after 1 0 h at 
7 2 0 ° C . The hardness w a s l owes t near 
the boundary , and rose to about 200 H V 
farther into the ferr i t ic base plate. 

Figure 10 shows a hardness traverse 
on a spec imen heat-treated at 720°C for 
10 h. By compar i son w i t h Fig. 3, the hard 
layer in the w e l d meta l c lose to the i n 
ter face in the as -we lded state has been 
softened by heat t reatment , fa l l i ng f rom 
abou t 4 4 0 to abou t 300 H V . This is the 

c 

fc 

Fig. 9 — X-ray line scans showing migration of carbon as a result of PWHT. The peak is reached 
just inside the stainless steel layer. 
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Fig. 10 — Microhardness survey (50 kg) on sample from 309Nb/347 SAW-S cladding, PWHT 
72CPC/10h, 160X. 

Table 4 — Measurement of First-Layer Cladding Characteristics (PWHT 690°C/30 h) 

Consumable 
Combination Process 

Magne 
Gauge Schaeffler 

FN Ferrite % 

Tempered/Carburized 
Martensite Band Width-/xm 

309L/347 SASW<a> 1 10 
309Nb/347 SASW 1.5 9 
309MO/308L SASW 0.5 7 
308L/347 SASW 5 5 
309L/347 SMAW 3 5 
ERNiCr-3/ SAW-S 0 - ( b ) 

ERniCr-3 

Mean 

13 
38 
25 

136 
15 
9 

Range 

5-27 
11-106 
3-48 

29-301 
3-29 
1-43 

Mean Carbon 
Penetration 
from Fusion 

Boundary j>m 

77 
—(b) 

187 
- ( b ) 

70 
112 

Maximum 
Interface 
Micro

hardness, 
H-V 

412 
473 
447 
532 
441 
464 

Table 5 — Peak Interface Hardness Values 
for 309Nb/347 Cladding, for Varying PWHT 
Cycles 

Peak 
Microhardness 

in Interface 
Region (HV) 

441 
418 
473 
487 

PWHT 
Conditions 

As-welded 
650°C/10 h 
690°C/30 h 
720°C/10 h 

a Low current density. 
b Not determined. 
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Fig. 11 — Typical region of interface in 
ERNiCr-3 clad panel, as-welded 250X. 
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F/g. 72 — Interface of ERNiCr-3 cladding, PWHT 69CPC/30 h. A — 500X; B — 500X electrolytically polished. 

i 1 8 3 « f e l 2 1 7 333 420 , 

^•^^Ite^L!!7 322 274 243 

174 -254 4 6 4 , 351 . . 3 0 2 ^ 2 7 0 274 247 

Fig. 13 — Microhardness survey (25 g) on ERNiCr-3 cladding inter
face, PWHT 690°C/30 h, electrolytically polished, 200X. 

Fig. 14 — Fracture path in CTOD specimen from 309L/347 SAW-S 
clad panel (fatigue crack on left of micrograph), PWHT 69CPC/10 h, 
50X. 
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Table 6 — Side Bend Test Results Table 7 — Tensile Test Results of SAS-W 
Claddings on 0.11C-2'/4Cr-1Mo Steel 

Base 
Steel 

2!4Cr-1Mo 
C steel 

Consumable 
Combination 

309L/347 
308L (600A) 

308L (800A) 

347 (600A) 
347 (800A) 

Heat 
Treatment 

650°C/10 h 
650°C/10 h 

650°C/5 h 

650°C/5 h 
650°C/5 h 

Angle 
of Bend 

180 deg 
30 deg 

95 deg 

180 deg 
180 deg 

Observations 

No cracks 
Cracks at fusion 

boundary 
Cracks at fusion 

boundary 
No cracks 
Slight cracking 

at fusion 
boundary 

2 VA Cr-1Mo ERNiCr-3 As-welded 
650°C/10 h 
690°C/30 h 
720°C/10h 

180 deg 
180 deg 
180 deg 
180 deg 

No cracks 
No cracks 
No cracks 
No cracks 

region clearly showing carbide precipi
tation as a result of heat treatment. How
ever, as Fig. 1 0 shows, farther out from 
the fusion boundary, a more extensive 
zone is evident, reaching a maximum of 
close to 500 HV. Still farther from the 
boundary, the hardness falls again, val
ues around 280-320 HV being recorded 
in heat treated samples compared with 
260-280 HV as-welded. Comparing the 
hardness traverse with the micrograph, 
the hardest region in the heat treated 
sample lies beyond the dark-etching 
layer, in the region where the feathery 
second phase, identified as martensite, 
is present. 

Regions of incomplete mixing be
haved as if they were extensions of base 
metal into the bulk stainless steel, and 
their centers became light etching on 
heat treatment. Hardness measurements 
on heat treated samples in regions of in
complete mixing gave results consistent 
with those for the normal interface. Im
mediately adjacent to the ferritic mate
rial, the stainless steel showed harden
ing from the value before heat treatment, 
up to some 440 HV after 1 0 h at 720°C, 
whereas the light-etching center of the 
"swir l " softened considerably, falling to 
about 200 HV or below. 

Table 4 summarizes metallographic 
and hardness observations of the inter
face regions. The width of the interface 
martensite band was greatest using a 
Type 308L first-layer consumable, and 
this sample also gave the highest peak 
hardness recorded. The data in Table 4 
are for the 0.14C 2'/iCr-1Mo steel; simi
lar trends were noted for the other sub
strate steels employed. The peak micro
hardness levels measured varied only 
slightly with the different heat treatments 
employed. Examples are shown in Table 
5. 

Table 4 illustrates that considerable 
transformation of ferrite to sigma oc
curred in the bulk weld metal during 
heat treatment, as evidenced by the 

Magne gauge readings on the heat 
treated material compared to the Schaef
fler predictions. 

Nickel-Based Cladding: As-Welded 

The as-welded ERNiCr-3 deposits 
showed an essentially single-phase 
structure with only grain boundaries 
being visible. Other phases present in 
the bulk weld metal were comprised of 
inclusions and precipitates, the latter 
being chiefly Nb-bearing carbonitrides. 
Adjacent to the interface was a light-
etching band of weld metal in which the 
structure was again indistinct — Fig. 11. 
Most of this zone is probably simply a 
dilution layer, since the iron content of 
nickel alloy weld metal affects the etch
ing response, but, as evidenced by the 
Schaeffler diagram, some martensite for
mation would be expected in highly d i 
luted nickel-based weld metal. 

The analysis line scans showed the 
expected dilution pattern, with the com
positional transition taking place over 
about 20 to 60 u.m, approximately cor
responding to the light-etching band ad
jacent to the interface. 

Nickel-Based Cladding: 
Postweld Heat Treated 

The interface of nickel-alloy cladding 
showed evidence of carbon migration 
after PWHT, in that there was a dark-
etching layer immediately adjacent to 
the base metal and indications of pre
cipitation up to about 200 u.m into the 
cladding. The light-etching band along 
the interface showed litt le change, ex
cept where di lut ion swirls produced 
some areas that darkened on PWHT, 
mostly in a dendritic pattern — Fig. 12A. 
Just beyond the light-etching band, in 
"normal" weld metal, carbide precipi
tation occurred (Fig. 1 2B), but this did 
not develop into a continuous band even 
at the longest heat treatment times. Sim
ilar precipitation developed in patches 

Cladding 
Type 

309L/347<b> 

ERNiCr-3 

a Load at failure -

Heat 
Treatment 

As-welded 

10h650°C 

10 h 690°C 

10 h 720°C 

As-welded 

10 hrs 650°C 

initial notch root cross 
b Low current density. 
c Specimen failed in base metal. 

Fracture 
Stress'3' 

(N/mm2) 

826 
675 

—(c) 

>720 
_ ( c ) 

—(c) 

675 
722 
790 
835 
755 

—(c) 

877 
702 

—(c) 

841 
796 

—(c) 

section. 

in the bulk weld metal related to the so
l idif ication structure. After 10 h at 
720°C, the bulk weld metal hardness fell 
to 192 HV. 

The band of carbide developed 
within the formerly unetching zone had 
a "ghost" band along the edge analo
gous to the new martensite formed in 
stainless steel — Fig. 12A. Again, local 
high hardness was observed. However, 
the interfacial carbide layer remained 
for the most part very narrow, ~1 p.m 
wide (Fig. 12B), and nickel-based 
claddings gave the smallest martensite 
band width — Table 4. The carburized 
and tempered martensite zone had a 
higher microhardness than the light-
etching zone — Fig. 1 3. 

Even at the longest heat treatment 
times, no decarburized layer was visi
ble in the HAZ. Electron probe micro-
analysis showed carbon buildup in the 
weld metal. The interfacial peak was less 
well-defined than with the stainless clad 
panels, but the maximum concentration, 
found apparently in dilution swirls, was 
approximately 0.8 wt-%. 

Mechanical Testing 

All the side bend samples produced 
from claddings on 2'ACr-1 Mo steel were 
bent through 180 deg, showing neither 
defects nor cracks. Minor cracking in the 
cladding adjacent to the interface was 
induced in clad carbon steel samples — 
Table 6. 

The results of the tensile tests are 
given in Table 7. Al l samples were 
notched sufficiently close to the fusion 
boundary for the local plastic zone to 
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Fig. 15 — Schematic illustration of interface compositional gradients, as-welded and PWHT 
72CPC/10 h, with calculated Ac , and Ms transformation temperatures in the cladding at vary
ing distances from the fusion boundary (3091/347 SAW-S on 2'ACr-IMo base steel). 

encompass the regions of concern, but 
some specimens still failed away from 
the notch in the 2'ACr-l Mo base metal. 
Both as-welded and heat treated, the 
fracture path in stainless clad samples, 
which failed at the interface, lay mainly 
either in the ferritic steel HAZ, or in weld 
metal just beyond the dilution layer {i.e., 
where ferrite was present). Most sam
ples showed a mixture of these two frac
ture locations. Fracture in the nickel-
clad samples was in the steel HAZ or, 
to a lesser extent, just wi th in the weld 
metal. 

The CTOD values are summarized in 
Table 8. The notch locations were 
checked by etching the specimen ends 
or by sectioning, and the fatigue crack 
tips were all found to lie within 0.5 mm 
of the fusion boundary. It can thus be 
assumed that the regions which it was 
intended to investigate were within the 
plastic zone at the crack t ip. However, 
sectioning showed that even where the 

Table 8 — Results of CTOD Tests on Clad 
Panels at Room Temperature 309L/347 
SAW-S on 0.11C-2V4Cr-1Mo Base Steel (Low 
Current Density) 

Cladding 
Type 

309L/347 

Heat 
Treatment 

As-welded 
10 h 650°C 
10 h 690°C 
10 h 720°C 

CTOD mm 

0.125<a> 
0.209|a| 

0.015(a) 

0.015<a) 

0.128<a) 

0.163(a) 

0.014<a> 
0.017<a> 

ERNiCr-3 As-welded 
10 h 650°C 

0.186(a) 0.423<b> 
0.423(b) 0.426(b> 

a 5c, unstable specimen fracture during test, 
b &m. maximum load during test. 

crack tip lay in weld metal, fracture 
tended to occur in the HAZ. 

In the stainless steel clad samples, 
fairly good toughness values (CTOD > 
0.10 mm) were obtained in the as-
welded condit ion, although the speci
mens failed mainly by cleavage in the 
HAZ from notch tips located just on the 
HAZ side of the fusion boundary. Spec
imens heat treated for 10 h at 690°C had 
notch tips on the weld metal side of the 
fusion boundary; nonetheless, the crack 
grew at right angles to the fatigue crack 
direction, crossing the fusion boundary, 
with cleavage failure in the HAZ. Again, 
a moderate CTOD was recorded (> 0.10 
mm). The specimens heat treated for 10 
h at both 720° and 690°C fractured by 
cleavage in the HAZ at low CTOD (< 
0.02 mm), from notches located both 
sides of the fusion boundary — Fig. 14. 

In the nickel-alloy clad samples, the 
two as-welded specimens gave different 
traces and different CTOD values. One 
specimen failed by tearing in the weld 
metal, wi th a high CTOD (0.42 mm), 
whereas the other, notched exactly on 
the boundary, gave an irregular trace 
and a lower but still reasonable CTOD 
(0.19 mm), failure occurr ing in both 
weld metal and HAZ. Heat treated spec
imens were more consistent, giving high 
CTOD values (> 0.4 mm), wi th speci
men failure occurring in the HAZ in a 
ductile manner. 

Discussion 

Interface Microstructure 

The metallographic observations 
made in this study fo l low those of nu

merous other investigations (Refs. 1-10). 
A gradient exists in alloy level from the 
ferritic substrate into the weld metal, ex
tending typically over a distance of 
20-50 nm, depending, presumably, on 
the weld pool f low conditions and the 
depth of the stagnant layer at the inter
face. In the as-welded condition, this re
gion is light etching. However, on post
weld heat treatment, carbon migration 
occurs, causing copious carbide forma
tion and, for the stainless overlays, a de-
carburized region in the base metal. 
These observations are common to all 
cladding types, regardless of process. 

From the Schaeffler diagram, the as-
welded compositional gradient would 
be expected to result in a martensitic 
structure in the alloyed hardenable re
gion adjacent to the l imit of fusion, 
changing to an austenitic matrix farther 
into the weld metal (Ref. 1). This struc
ture has not always been evident metal-
lographically, but was shown in the pre
sent work by the use of electropolish
ing. The situation is illustrated schemat
ically in Fig. 1 5, obtained from the vari
ous elemental scans carried out for the 
different stainless steel claddings. The 
figure is not exact, but is intended to in
dicate the consequences of composi
tional gradients on the resultant interfa
cial microstructure. Martensite start tem
peratures (Ms) were calculated using the 
fol lowing equation derived for marten
sitic stainless steels (Ref. 13): 

M s = 540 - (497C + 6.3Mn + 36.3Ni + 
10.8Cr + 46.6Mo)°C (1) 

The Mf- temperature cannot be pre
dicted with precision, but wi l l generally 
lie roughly 1 00° to 1 20°C (1 80°-21 6°F) 
below the M s . From Fig. 15 it can be 
seen that perhaps half the width of the 
light-etching zone corresponds to a fully 
martensitic structure, wi th reducing 
martensite level up to the point where 
the M s temperature is around normal 
ambient. With this microstructural dis
tribution, the hardness shows a peak of 
about 440 HV in the light-etching zone 
immediately adjacent to the limit of fu
sion, a hardness above those of the 
bainitic base steel HAZ or austenite-fer
rite weld metal. 

The situation is rather more complex 
fo l lowing PWHT. First, in the higher 
alloy but still martensitic regions, the Ac, 
temperature wi l l be very much lower 
than for a 27iCr-1 Mo steel, and can be 
well below postweld heat treatment tem
perature. Reliable relationships between 
Ad, temperature and composition do not 
exist for high-alloy materials, and the 
following formula was used, derived em
pir ical ly from Andrews (Ref. 14) and 
Pickering (Ref. 15) for 13Cr steels. 
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•25Mn 
25Si + 25Mo°C 

30Ni + 
(2) 

The position wi th in the transitional 
layer of the composit ion with an Ac, 
temperature of 550°C (1022°F) is shown 
on Fig. 1 5, illustrating that a significant 
amount of the "di lut ion" martensite wi l l 
re-austenitize during heat treatment, and 
therefore reform virgin martensite on 
cool-down. 

Second, the effect of carbon migra
tion must be considered. The peak car
bon content was roughly 0.9%, and in
deed calculation and measurement re
ported by Krai and Stransky (Ref. 3) have 
suggested carbon levels up to 1 % may 
be achieved. In all cases studied, the car
bon peak coincided with the extremity 
of the region predicted to be martensitic 
from the compositional gradient, and 
this presumably reflects the higher dif
fusion rate in a BCC or BCT matrix than 
in the adjacent FCC austenite. The ex
tent of carbon diffusion beyond the 
martensite l imit depended upon the 
PWHT conditions employed, but from 
the etching behavior and Fig. 9, it can 
be seen it was up to 200 u.m for Type 
309 first layers. Such a peak is shown 
schematically on Fig. 15. A rough esti
mate of carbon migration distance can 
be obtained from the relationship X = 
V(Dt). Published data on carbon diffu
sion in austenite show some variation, 
but, using typical values (Refs. 3, 16), 
PWHT at 690°C/30 h would induce car
bon migration up to some 150-300 |im 
from the fusion boundary, consistent 
with the present observations. In fact, 
the carbon migration distance wi l l de
pend on the local compositional gradi
ent and structure, and the distance to 
which individual martensite units ex
tend into the weld metal, hence, varia
tion around the periphery of the cladding 
must be expected. 

The carbon migration wi l l have a 
number of consequences. First, although 
the original martensite wi l l temper dur
ing heat treatment, reducing its hard
ness, this wi l l to some degree be negated 
by the increased carbon content, espe
cially with increasing distance from the 
limit of fusion as higher carbon contents 
are obtained. Indeed, the carbide pre
cipitation wi l l be significant, in that at 
0.9C, the carbide volume fraction wi l l 
be over 15%. This wi l l cause higher bulk 
hardness both directly, and probably via 
an increase in dislocation density. From 
the thin-foil studies, this effect wil l occur 
in both martensitic and austenitic re
gions close to the fusion boundary. 
Hardening from carbide precipitation 
during PWHT should be more pro
nounced with greater carbon migration 
at higher temperatures and longer times. 
This trend is indicated by Table 5, al

though the range of peak hardness is 
fairly small. Other studies (Ref. 10) have 
found higher peak interfacial hardness 
after PWHT than in the present work. 
This may stem from production of higher 
carbon contents and carbide volume 
fractions under the specific conditions 
employed by other workers, or it may 
be that the present extended heat treat
ment times have caused particle coars
ening and overaging or possibly a 
d iminut ion in peak carbon content by 
diffusion at long times. 

Second, the carbon enrichment wi l l 
have confl ict ing effects on transforma
tion fo l lowing PWHT. At high carbon 
levels, suppression of the M s would be 
expected, which might lead to austen
ite retention in those regions of low Ac, 
temperature that revert to austenite dur
ing the heat treatment cycle. However, 
the carbon levels recorded wi l l exceed 
the solid solubil i ty and, as observed, 
lead to copious precipitation of M2 3C6 . 
This wi l l reduce the chromium content 
of the matrix, and raise the M s point. To 
al low for this, a maximum solubility of 
0.03% was assumed for carbon, with the 
excess carbon being present only in the 
form of M23C6 . This carbide contains 
approximately 80% chromium. On this 
basis, and from Equation 1, matrix 
chromium depletion from a carbon level 
of 0.9% wi l l increase the M s tempera
ture by about 1 25°C (225°F). Hence, a 
farther consequence of carbon migra
tion is that it wi l l destabilize the austen
ite and again lead to the formation of 
virgin martensite on cool-down from 
heat treatment temperature. 

It would thus be expected that PWHT 
would induce hardening in regions close 
to the interface, not only because of in
creased carbon content and carbide pre
cipitation, but also because of increased 
propensity to form virgin martensite on 
cool-down from PWHT. Similar effects 
would occur wi th both stainless steel-
and nickel-based claddings. However, 
the width of the hard zone in the latter 
case would be smaller because of the 
steeper compositional gradient, as borne 
out by the results in Table 4. The width 
of the martensite layer is least with the 
Ni-based consumable, and greatest with 
the Type 308L first layer, which had the 
lowest alloy content. 

The effects of alloy element gradient 
and carbon migration on transformation 
shown schematically by Fig. 1 5, are in 
fact an oversimplification. The solubil
ity of carbon is highly dependent on the 
matrix composition, and is a maximum 
at Cr and Ni levels intermediate between 
the base metal and bulk cladding. 
Hence, the extent of carbide precipita
tion should vary across the transitional 
composit ion zone. This is in fact evi
denced by the light-etching austenitic 

zone in Fig. 5A for example. 
In principle, hardening at the inter

face might be induced also by inter
metallic formation as suggested by Slater 
and Winn (Ref. 1). The likelihood of the 
sigma formation in the hard zone can 
be assessed by means of the iron-
chromium-nickel ternary equilibrium di
agram. Sections from two different 
sources (Refs. 17, 18) indicate that the 
range of chromium and nickel contents 
of the hard zone derived from EDX and 
EPMA analysis, (the chromium content 
excluding that which is presumed to be 
combined as M23C6) fall wel l outside 
the sigma formation range. 

This makes no allowance for the ef
fects of other elements on the formation 
of intermetallic phases. The most impor
tant of such elements is likely to be sili
con, and various expressions have been 
derived relating the effect of silicon to 
that of chromium. For example, Lismer, 
etal. (Ref. 1 7), suggests a relationship of 

Cr sigma equivalent = 3 (Si-1) 

However, even al lowing for such 
possible variations, the matrix composi
tion of the hard zone is still expected to 
fall outside the sigma formation range. 
Indeed, transmission microscopy and 
SAD showed no evidence of sigma or 
other intermetallic phase. Thus, it does 
not appear that intermetallic formation 
is the prime cause of the hard zone, al
though sigma formation can certainly be 
expected in the bulk cladding as shown 
by Table 4. 

The width of the hard zone was great
est in the SAW-S cladding produced 
using a 308L first-layer consumable and 
least with the nickel alloy strip. The for
mer resulted in the lowest alloy element 
content studied — Table 3. This is equiv
alent to a high-dilution situation, and in
deed the di lut ion level and resultant 
compositional gradient would be ex
pected to influence the interfacial mi
crostructure. Presumably, at least in part, 
the observed microstructural variation 
along the interface stems from local fluc
tuations in weld pool flow and hence in 
the final compositional gradients. 

Mechanical Properties 

As would be expected from the high 
recorded hardness, the tensile strength 
of the interface was high, and, even with 
notched samples, failure did not occur 
consistently in the hardened region — 
Table 6. The ducti l i ty, as evidenced by 
bend testing, was rather more variable. 
A small amount of interfacial cracking 
is well known to occur in side bend sam
ples from weld procedure tests. Such 
was observed in tests with a carbon steel 
substrate, although not with the 2%Cr-
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1 Mo base steel samples examined. 
Nonetheless, in view of the high hard
ness levels recorded in some samples, 
it would be unrealistic to expect the ma
terial to have particularly high tensile 
ductility. 

In the toughness tests on the "com
posite" samples constituted by the weld 
interfaces studied, there was no case of 
preferential fracture wi th in the hard 
zone, although it should be noted that 
testing was undertaken only at room 
temperature. This resistance to fracture 
may well be a consequence of the high 
yield in the hard zone leading to other 
parts of the sample undergoing prefer
ential plastic strain. In those situations 
where decarburization was not marked, 
whether by low heat treatment temper
ature or use of a nickel cladding, the 
CTOD levels recorded were fairly high. 
Some tendency to HAZ failure by cleav
age was noted, apart from the heat 
treated Ni-based overlay samples, which 
displayed only ducti le tearing and the 
highest CTOD values. However, when 
decarburization was significant, the data 
in Table 8 show that the toughness of 
2'ACr-l Mo HAZ can be extremely low, 
probably a result of the recrystallized, 
coarse grained, fully ferritic structure re
sulting from carbon migration. 

This is not to say that the hard zone 
can be regarded as innocuous. Certainly 
its formation wi l l exacerbate the propen
sity for cleavage fracture in the ferritic 
steel substrate. In cladding, this may be 
of limited significance, since the heat-
affected zone wi l l be essentially paral
lel to the material surface and thus to 
the main applied stresses in operation. 
However, similar effects would occur in 
dissimilar metal welds in pipe, for ex
ample, and, under these conditions, the 
formation of a potentially brittle through-
thickness zone must be recognized. 
Moreover, at the hardnesses observed, 
there can be no doubt that the interfa
cial region both as-welded and espe
cially after PWHT wi l l be sensitive to 
hydrogen embrittlement. Consequently, 
it has contributed to the problem of dis
bonding (Refs. 1 9-21) in high- temper
ature, high-pressure hydrogen service, 
such as hydrocrackers and hydrodesul-
furizers. Moreover, a number of work
ers have found that environmental 
cracking of dissimilar metal welds can 
occur at the interface when in service in 
aqueous media (Refs. 22, 23). Such con
ditions may well produce hydrogen by 
cathodic reaction, potentially leading to 
failure along the hard zone. 

Summary and Conclusions 

Stainless steel- and nickel-based 
overlays were deposited on 2'ACr-1Mo 

and carbon steel substrates using the 
strip submerged arc and shielded metal 
arc cladding processes. The effect of 
postweld heat treatment on the interface 
regions was assessed metallographically 
and by mechanical tests. The following 
conclusions were reached: 

1) In the as-welded condit ion, 
martensite is present at the interface, ex
tending some distance into the dilution 
zone in the cladding. This martensite is 
of microhardness typically up to about 
440 HV. 

2. On postweld heat treatment, 
martensite closest to the l imit of fusion 
tempers. However, hardened material 
is formed for some distance into the 
cladding, a maximum microhardness of 
about 500 HV was observed. 

3. Hardening after postweld heat 
treatment is due to three mechanisms: 
A) Carbon migration and copious car
bide formation. B) Some regions of the 
di lut ion zone wi l l have the M s point 
above room temperature, but an Ac, 
temperature below the postweld heat 
treatment temperature. They w i l l thus 
form austenite during heat treatment, 
with reversion to virgin martensite on 
cool-out. C) The carbon migration acts 
to destabilize adjacent austenitic re
gions, raising the M s , and again causing 
fresh martensite formation on cooling to 
ambient temperature. 

4. The width of the fusion boundary 
martensite and hard zone was greatest 
with a Type 308L first-layer consumable, 
and least with a nickel-based consum
able. 

5. The hard zone was of high-tensile 
strength but limited tensile ductility. 

6. In fracture toughness tests at room 
temperature, no tendency was observed 
for unstable failure in the hard zone. 

7. With nickel-based or stainless steel 
claddings, heat treated under conditions 
giving negligible decarburization of the 
ferritic steel, fracture toughness tests 
gave failure adjacent to the hard zone 
at CTOD levels from 0.1 2 to 0.43 mm. 

8. With claddings where appreciable 
decarburization of the substrate mate
rial had occurred, failure in fracture 
toughness tests took place by cleavage 
along the coarse-grained decarburized 
region, with CTOD results below 0.02 
mm. 
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