
Procedure Development for Improved Quality 
Single and Dual LBW of Dissimilar Metals 

A satisfactory composition in the weld zone is obtained through 
simultaneous melting of two different filler materials 

BY S. MISSORI AND C. KOERBER 

ABSTRACT. In a previous investigation, 
sound welds were successfully per- 
formed on dissimilar steels using laser 
beam welding (LBW), taking advantage 
of the reduction of distortion and resid- 
ual stresses this process affords. Some 
problems, however, were encountered 
due to the composition of the filler metal 
and the way it was introduced into the 
joint. In this work, an improvement of 
weld metal quality is sought through the 
simultaneous melting of two different 
filler materials with either single or dual 
LBW. The experimental work included 
metallographic observations, hardness 
tests, SEM microanalysis and estimation 
of phases on melt zones using the WRC- 
1992 diagram. The results showed that it 
is possible to obtain crack-free mi- 
crostructures of satisfactory composition. 

Introduction 

Transition joints between austenitic 
stainless steels and ferritic low-alloy steels 
are utilized extensively in many high- 
temperature applications in energy con- 
version systems. These dissimilar metal 
weld (DMW) joints are the subject of nu- 
merous studies (Refs. 1-5) concerning 
premature failures in service related to 
thermal stresses generated at the weld in- 
terface and to metallurgical changes (car- 
bon migration, carbide precipitation) ob- 
served after prolonged exposure to high 
temperature. These aspects are not con- 
sidered in the present work, which is fo- 
cused on the quality of the melt zone in 
terms of composition, microstructure and 
freedom from discontinuities such as so- 
lidification cracks and incomplete fusion. 

In selecting the filler metal, it is com- 
monly recognized that the best weld 
metal structure consists of either an 
austenitic matrix with some delta ferrite 
or a Ni-based alloy. 
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When an austenitic stainless steel 
filler metal is utilized, the weld metal ex- 
hibits different solidification modes 
(Refs. 6-10). With a composition close to 
Type 308, it is recognized that the 
propensity to solidify as primary austen- 
ite increases as both Ni content and so- 
lidification rate increase, while solidifi- 
cation as primary delta ferrite is favored 
in case of higher Cr content and lower so- 
lidification rate. When solidification oc- 
curs as austenite, the microstructure can 
be either fully austenitic or contain a lit- 
tle amount of eutectic ferrite along solid- 
ification grains and subgrain boundaries 
(these solidification modes are referred 
to as A and AF, respectively). When pri- 
mary solidification occurs as delta ferrite, 
much of the primary ferrite transforms to 
austenite by a solid-state reaction during 
cooling to ambient temperature, but 
often a certain amount of ferrite is re- 
tained (this solidification is referred to as 
FA). Considerable studies and discussion 
have been made about the superior 
cracking resistance offered in the case of 
FA solidification mode. However, it is 
recognized also that the ferrite in the AF 
solidification mode effectively reduces 
the cracking tendency. The alloy content 
and the ratio Creq/Nieq are the main fac- 
tors influencing the solidification mode. 
When composition is in the range of Type 
308, a solidification mode FA is believed 
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to occur when the ratio Creq/Nieq is be- 
tween 1.5 and 1.7, as estimated by sev- 
eral studies (Refs. 11-13). In this case, ex- 
perience shows that the likelihood of hot 
cracks is minimized. Generally, when 
such austenitic-ferritic composition is 
achieved, the presence of martensite in 
the bulk fusion zone of the weld metal is 
avoided or minimized, thus reducing the 
risks of hydrogen-induced cold cracking. 
(Further risks, however, can result from 
martensite possibly formed in the vicin- 
ity of the fusion boundary due to migra- 
tion of carbon.) The effectiveness of fer- 
rite in reducing hot cracking tendency 
has been associated in numerous studies 
to several factors (e.g., Ref. 6). Some of 
those factors are listed below. 

The higher solubility of S and P impu- 
rities in ferrite than in austenite makes 
these elements become partly trapped in 
the solidified ferrite and reduces the 
amount of low melting phases present in 
the last stages of solidification, which 
contribute to crack formation. 

Ferrite-austenite boundaries are not 
wetted as easily as are austenite-austen- 
ite or ferrite-ferrite boundaries because of 
their lower surface energies, thus acting 
as solid links until solidification is com- 
pleted. 

Crack propagation is inhibited by the 
irregular path of the ferrite-austenite 
boundaries as compared to the smooth 
boundaries of the single-phase austenitic 
solidification. 

In the case of N i-based filler metal, the 
risk of hot cracks is reduced by adopting 
proper precautions (restriction on the P, S 
and Si contents, good cleaning, etc.), in 
order to avoid the formation of low melt- 
ing eutectics segregating at the grain 
boundaries (Refs. 14, 15). On the other 
hand, the solubility of carbon in this weld 
metal is lower than in the stainless steel, 
which minimizes carbon migration from 
the ferritic steel to the weld metal. 

In a previous work (Ref. 16), sound 
welds using single LBW on dissimilar 
steels were performed successfully, uti- 
lizing filler metal either as wire or con- 
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sumable inserts (strips preplaced be- 
tween the edges). However, some prob- 
lems were encountered. 

With strip fi l ler metal, the weld fusion 
at the root was occasionally incomplete, 
supposedly due to the poor heat transfer 
through the packed f i l ler metal strips 
(four or five) of austenitic fi l ler metal ex- 
hibi t ing low thermal conductivity. The 
total thickness of the strips, assessed to 
fulf i l l  the metallurgical requirement of 
the weld microstructure, was very near to 
the maximum width of the melted zone 
in the trial conditions. 

With the fil ler wire, the alloy compo- 
sition of the weld zone was leaner than 
required to achieve an al loy content, 
with composition and microstructure, as 
described above, due to the diff iculty of 
introducing an adequate amount of fi l ler 
metal and control l ing dilution. 

The purpose of this work was to find a 
way to improve weld metal quality when 
using strip fi l ler metal, the use of which 
showed the best results in previous trials. 
Even if previous welding experiments uti- 
l izing consumable inserts showed that a 
sound Ni-based al loy weld metal is 
achievable, the effort in this work was 
concentrated on the qualif ication of a Cr- 
Ni stainless steel fil ler metal, resulting in 
a weld metal close to Type 308. This so- 
lut ion is more economical due to the 
lower cost of this material as compared 
to Ni-based f i l ler metal, hence more 
likely to be adopted. To reduce the risk of 
incomplete fusion, a minimum number 
of strips was adopted. Moreover, trials 
with dual LBW process, with laser beams 
simultaneously operating from opposite 
sides, were carried out. 

Exper imenta l  W o r k  

Laser Beam Welding Process 

Three of the four samples were joined 
with dual (simultaneous) LBW, whereas 
the fourth sample was joined with single 
LBW. The welding position was horizon- 
tal in all cases. The two laser systems 
were a UT 25-kW unit uti l ized for single- 
side LBW and a Rofin-Sinar SR 170, 
(nominal power 17 kW) util ized for dual 
LBW. Laser beams were operated in ro- 
botic style through a computer-con- 
trolled five axes gantry portal, moving 
over stationary workpieces. In the dual 
LBW, the two laser beams are focused on 
the external surface at each side or at 
some distance Az from the surface and 
are simultaneously operating, wi th the 
formation of one common keyhole. The 
focusing devices were 35-deg, off-axis, 
paraboloid mirrors made of copper and 
water cooled, with a focal length of 682 

A z ~ z > O  

Helium stream ~ Workp'ece ~5" Helium stream 

single side LBW simultoneous LBW 

Edge preparation 

ferritlc s t e e l - - ~  oustenitic steel 

Fig. 1 - -  Welding assemblies and edge preparation. 

Table 1 --Characteristics of Base Metals(a) 

Thick 
Specification mm 

Type of Plate (in.) C Mn 

2.25Cr- ASTM 10 
1Mo A 387 

Ferritic Gr.22 CI.2 (0.4) 
Steel 

18Cr- DIN 17740 
10Ni 

Stainless X2 CrNi (0.4) 
Steel 1911 

Chemical Composition 
Si P S Cu Ni Cr Mo 

Tensile 
Strength 

MPa 

0 . 1 1 8 0 . 4 8  0.241 0 . 0 1 4  0 . 0 1 8  0 .27  0 . 1 9 4  2 .17  0 .93  669  

(a) From steelmaker certificates. 

10 0.018 1.15 0.41 0.025 0.001 - -  10.10 18.40 - -  559 

Table 2--Characteristics of Filler Metals(a) 

DIN 
N Specification Norm Shape/Size C Mn Cr Si 

1 AWS E 310/modif. 1.4465 Strip0.5 mm 0.011 5.80 24.5 0.11 
2 22.8.3.L 1.4462 thick (0.02 in.) 0.013 1.66 23.1 0.48 

Ni Mo Fe 

22.5 1.95 bal. 
8.7 3.14 bal. 

(a) From steelmaker certificates. 

Table 3--Welding Parameters for LBW with Strip Filler Metal 

Sample A B 
Welding P rocess  simultaneous single-side 

welding one pass 

Power at the kW 2 x 10 10 
workplace 

Welding speed m/min (in./min) 2.5(98.2) 1.2(47.1) 
Distance Az mm (in.) 0 0 
Filler metal composition and 

size by Table 2: la) (al 
N. of strips total 2 2 
thickness, mm (in.) 1.0(0.04) 1.0(0.04) 

(a) N.I strip Type I + N.I strip Type 2 
(b) N.2 strips Type I + N.I strip Type 2. 
(c) N.I strip Type I + N.2 strips Type 2. 
Notes: Welding position per ASME IX: horizontal (2G) for all procedures. 

Helium flow rate: 25 Llmin (53 ft3) per each lb. 
The power at the workpiece is measured by a diagnostic system. 

C D 
simultaneous simultaneous 

welding Welding 

2×10 2 × I 0  

2.0(78.6) 2.0(78.6) 
-5  (0.2) 0 

(b) (c) 

3 3 
1.5 (0.06) 1.5 (0.06) 
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Fig. 2 - -  Macrographs of weld zone cross sections, Samples A, B, C and D. 

mm each. A diagnostic system type 
Laserscope UFF100 working with a ro- 
tating hollow needle was utilized to di- 
agnose the focused beams and measure 
the focal radius, the focal position, the in- 
tensity distribution and Rayleigh length 
of each beam. The calculated beam qual- 
ity factors were 0.10 for UT (unstable res- 
onator) and 0.15 for Rofin-Sinar (stable 
resonator) equipment. Plasma suppres- 
sion was obtained by using a transverse 
stream of helium. The gas nozzle had an 
inner diameter of 4 mm (0.16 in.) and 
was directed just above the interaction 
zone of beam and workpiece. Welding 
assemblies and the edge preparations are 
shown in Fig. 1. The workpieces had 
square edges and the strips of filler metal 
were interposed between the edges and 
fixed by GTA tack welding before laser 
beam welding. No preheating or post- 
weld heat treatments were carried out. 

Materials and Welding Procedures 

The base metals were 10-mm thick 

plates made of austenitic stainless steel 
equivalent to the Type 304L (austenitic) 
and 2.25Cr-1Mo (ferritic), respectively. 
Specification and characteristics of these 
materials are shown in Table 1. 

In the previous work (Ref. 16), it was 
concluded that, in the case of strip filler 
metal, a lower propensity to incomplete 
fusion could be achieved by reducing the 
total thickness of the consumable insert, 
possibly making it a single integral strip. 
However, since neither the required 
thickness nor the composition are com- 
mercially available, two or three strips 
(1-1.5 mm total thickness), made from 
different materials, were mixed in the 
weld pool. A preliminary estimation of 
alloy requirement in the filler metal gave 
Creq 30-35%, Nieq 14-18%. The actual 
compositions of selected filler materials, 
combined so as to approach this compo- 
sition, are reported in Table 2. 

Welding experiments on dissimilar 
steel plates (austenitic to ferritic) were 
carried out (Table 3) as follows: 

1) Simultaneous LBW with two strips 
of different composition, the first 25Cr- 
22Ni-2Mo (close to Type 310) and the 
second 22Cr-9Ni-3Mo (- Type 312 mod- 
ified), with 1.0 mm total thickness. 

2) Single-side, single-pass LBW with 
the same filler materials as in 1. 

3) Simultaneous LBW with two strips 
of 25Cr-22Ni-2Mo and one strip of 22Cr- 
9Ni-3Mo, respectively, with 1.5 mm total 
thickness. 

4) Simultaneous LBW with two strips 
of 22Cr-9Ni-3Mo and one strip of 25Cr- 
22Ni-2Mo, with 1.5 mm total thickness. 

Examinations and Tests 

Each welded joint was submitted to 
the following examinations and tests: 

Visual inspection and macrographic 
examination. All welds were submitted 
to visual and macrographic inspection. 
A minimum of three macrographic sam- 
ples per each procedure were cut and 
examined. 

SEM microanalysis by energy disper- 
sive spectroscopy (EDS). Variations in 
composition along the centerline of the 
weld have been analyzed by an electron 
probe, Type JSM-35 CF, equipped with 
an energy dispersive spectrometer, 
model EDAX 711, at an accelerating volt- 
age of 15 kV. The analysis has been per- 
formed on one sample taken from each 
of the welding procedures. The elements 
that mainly influenced the formation of 
phases, in particular Cr and Ni, were 
quantitatively measured in at least 12 
points, located on a traverse along the 
weld zone crossing the full thickness of 
the sample. 

Evaluation of weld metal areas. The 
survey of the dimensions of each weld 
cross section was performed with the aid 
of an optical microscope by measuring 
the coordinates of the profile of the melt 
zone, dividing in slices of equal height, 
and evaluating the area by a numerical 
method. 

Estimation of microstructures by 
WRC-1992 diagram. Chromium and 
nickel contents were estimated by SEM 
microanalysis and C and Mo contents 
were calculated from base and filler 
metal compositions, taking dilution into 
account (Nb and Cu, the other elements 
involved in the WRC-92 diagram, are not 
present). 

Metallographic examination. Speci- 
mens are cut from transversal section of 
welds, polished with fine alumina, then 
etched with glyceregia. 

Microhardness tests. On metallo- 
graphic specimens cut from each weld- 
ment, hardness values were measured 
along the centerline of the weld zone. 
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Vickers test was used with a load of 100 
gf and a loading time of 10 s. 

Results 

Inspection 

The results of macrographic inspec- 
tion are summarized below. All samples 
welded with dual LBW showed a satis- 
factory appearance from both visual and 
macrographic examination. Figure 2 
shows representative macrographs. Gen- 
erally, the size and the shape of the fer- 
ritic steel HAZ is regular and clearly dis- 
tinct. Also, the sample welded with 
single-side LBW procedure (Sample B) 
showed a good appearance, even if some 
mismatch (step) of the edges was present, 
thus demonstrating a good bridgeability. 
In this weld, however, the melt zone 
shape appears to be triangular, rather 
than nearly rectangular, as in dual LBW. 
At the macrographic observation of the 
sample, the penetration is complete in all 
cases and no major discontinuities such 
as macrocracks and incomplete fusion 
have been revealed. As far as it was pos- 
sible to observe, there was little porosity, 
although no quantitative evaluation was 
made of size and amount of pores. 

Microhardness Tests 

The results of microhardness tests on 
metallographic specimens cut from each 
weld are shown in Fig. 3. Most of the 
measured values are in the range of 
200-220 HV. 
SFM Microanalysis 

The contents of Cr and Ni, which are 
the elements mainly influencing the for- 
mation of phases, were measured by 
electron probe with EDS along the cen- 
terline of the weld section. The results of 
such evaluation are shown in Fig. 4 for 
Samples A, C and D. In general, the con- 
tent of Cr and Ni is fairly regular through- 
out the thickness and is consistent with 
the rectangular shape of the weld zone 
and the uniform contribution of the strip 
filler metal located all along the length of 
the joint. The measured values of Cr and 
Ni are the basis of the estimation of 
phases according to WRC-1992 diagram 
(Ref. 17). 

Microstructure Estimation According to 
WRC-1992 Diagram 

The WRC-1992 diagram was used to 
estimate the microstructure of the weld 
zones. This diagram is recognized to be 
more accurate than others (Schaeffler, 
De Long) in predicting microstructure 
and properties of stainless steel weld 
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Fig. 3 - -  Vickers microhardness profiles for samples A, B, C and D. 

D) 

Table 4--Measured Weld Areas and Estimated Dilutions 

Base Metals 
Weld Area (%) 

Sample mm 2 (in.2) Ferritic steel  Austenitic steel 

A 20.7(3.21) 26.3 22.9 
B 20.8(3.22) 26.5 23.1 
C 33.3(5.16) 28.2 24.6 
D 28.0(4.34) 23.4 20.3 

Strip Filler Metals 
(%) 

Type 1 Type 2 

25.4 25.4 
25.2 25.2 
31.5 15.7 
18.8 37.5 

metal and related dissimilar metal joints. 
Chromium and nickel contents are taken 
from SEM microanalysis, while C and 
Mo (no other minor elements such as Nb 
and Cu are present) are evaluated on the 
basis of the measured areas of the welds 
and the calculated dilution, taking into 
account the composition of the base and 
filler metals. Nitrogen content is taken to 
be 0.06% (Ref. 18). Since thermal prop- 
erties, in particular thermal conductivity, 

of austenitic and ferritic base metals are 
quite different, the contribution of the 
two metals are supposed to give a differ- 
ent contribution to the weld zone. As ap- 
proximate criterion, the extension of the 
melted zone of each base metal has been 
assumed to be directly proportional to its 
thermal conductivity, averaged between 
melting point and ambient temperature. 
Values of conductivity are taken as 30.3 
and 34.8 W/mK, respectively, for 
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Fig. 4 - -  SEM microanalysis of  Cr and Ni and an estimation of weld zone phases according to 
WRC-92 diagram for samples A, C and D. 

austenitic and ferritic steel (Ref. 19). The 
measured weld areas and the estimated 
dilutions are shown in Table 4. The av- 
erage estimated compositions of welds 
according to WRC-92 diagram are listed 
in Table 5. The points representing the 
microstructures for the various proce- 
dures are plotted on the WRC-1992 dia- 
gram - -  Fig. 4. 

Metallographic Examination of Weld Metal 
Zones 

The estimation according to the WRC- 
1992 diagram indicates that microstruc- 
tures should consist of austenite plus fer- 
rite. On the diagram, the position of the 
evaluated points is located in the vicinity 

or just inside the range of the Type 308 
weld metal. 

Metallographic observations, with the 
aid of microhardness tests, have been 
compared to the evaluation according to 
the WRC-1992 diagram. 

Samples A and B 

Samples A and B, welded with the 
same filler metal, show microstructures 
of similar constitution. This appears to be 
solidified in a mixed mode that is partly 
primary austenite with some interden- 
dritic (eutectic) ferrite (Fig. 5A) and partly 
primary ferrite, as visible in the micro- 
graph in Fig. 5B (Sample A). The compo- 
sition of Sample A, obtained with simul- 

Table 5--Estimated Average Composition of 
Welds As Per WRC-92 Diagram 

Cr~ Nieq Ratio 
Sample %(a) %(a) Cr~/N ieq(a) 

A 20.19 13.04 1.54 
B 18.25 11.75 1.55 
C 18.24 15.06 1.21 
D 21.96 15.04 1.46 

(a) C r ~  = % C r  + % M o  + 0 . 7 % N B ;  Nieq = % N i  + 3 5 % C  + 
2 0 % N  + 0 .25%Cu ;  Cr  and  N i  are es t imated by m ic roana ly -  
sis in at least 12 points.  C and  M o  are taken as average val-  
ues f rom ca lcu la ted  average compos i t i on  o f  f i l le r  meta l  after 
d i l u t i o n  w i t h  base metals.  N is taken equa l  to  0 .06% (Cu and  
N b  are absent). 

taneous LBW (two laser beams) appears 
to be more homogeneous than in Sample 
B, probably due to the nearly rectangular 
shape of the weld zone, which results in 
a more uniform dilution. Sample B shows 
a slight variation of weld zone width 
along the thickness. Hardness in the weld 
zone was in the range HV 200-250. 

Sample C 

Sample C shows a predominantly 
austenitic microstructure, with some in- 
terdendritic ferrite (Fig. 6), but in a 
smaller amount as compared to Samples 
A and B. Solidification mode appears to 
have occurred as primary austenite. This 
is consistent with the WRC-1992 estima- 
tion of phases, which predicts a fully 
austenitic structure. A representative 
value of hardness is HV --_210. 

Sample D 

Sample D shows predominantly (Fig. 
7) a primary ferrite solidification mi- 
crostructure consisting of austenite with 
ferrite in the form of vermicular dendrites 
with a regular distribution and in a 
greater amount than in previous samples. 
The microstructure is fairly homoge- 
neous throughout the thickness of the 
melt zone. A representative value of 
hardness is HV ~ 220. 

Discussion 

As far as solidification time and cool- 
ing rate are concerned, an estimation of 
solidification time using the welding pa- 
rameters stated above gave values of 
about 0.5 s, while the postsolidification 
cooling rates were estimated in the range 
102-103°C/s (see Appendix). As such, it 
appears that the structures are formed 
with conditions comparable with con- 
ventional welding conditions, thus the 
applicability of estimation of phases 
based on the WRC-1992 diagram ap- 
pears reasonable. 
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Fig. 5 - -  Microstructure in weld zone of  Sample B. A - -  Austenite and interdendritic ferrite, 500X; B - -  austenite with vermicular ferrite, 1000X; 
C - -  shift in solidification mode AF-FA, SEM 1000X. 

Fig. 6 - -  Microstructure o f  weld zone for 
Sample C, showing austenite with little eu- 
tectic ferrite, 500X. 

Fig. 7 - -  Microstructure of  weld zone for Sample D, showing austenite with vermicular territe. 
A - -  500X; B - -  SEM, 4000X. 

The examination of the microstruc- 
tures for the various samples was per- 
formed on several points of the fusion 
zone for the four welds. Generally, mi- 
croanalysis indicated that the chemical 
composition was fairly uniform, but 
some microstructural differences were 
observed. 

Samples A and B exhibit a mi- 
crostructure that predominantly consists 
of austenite with the presence of some in- 
terdendritic or vermicular ferrite, accord- 
ing to the solidification mode that is as 
primary austenite or primary ferrite, re- 
spectively. A shift in solidification mode 
could be attributed to the local change in 
composition. For instance, this was ex- 
perienced in a portion of weld metal near 
the surface (Fig. 5C), where there is a 
local increase of Cr and a decrease of Ni 
content, such that the ratio Cr~q/Nieq 
reaches a local value of about 1.8 as 
compared to an average value of 1.55 for 
the remaining part of the thickness. This 
value of the ratio Creq/Nieq is consistent 
with indications offered by several stud- 
ies (Refs. 14-1 6) that identified a critical 
range of this ratio between 1.5-1.7. 

For samples C and D, no remarkable 
microstructural differences among the 
several locations examined could be re- 
vealed by metallographic observation. For 
brevity's sake, the micrographic observa- 

tion of only one location, taken as repre- 
sentative for each sample, is reported. 

Sample C appears to contain only a 
small amount of ferrite. The morphology 
of solidification suggests that AF solidifi- 
cation mode has mainly occurred. No 
cracks were metallographically ob- 
served. Hot cracking resistance is be- 
lieved to be improved by the presence of 
some interdendritic ferrite and by low im- 
purity composition of filler metals and 
base metals. WRC-1992 evaluations ap- 
pear in good accordance with metallo- 
graphic observations. The average value 
of Cre~/Ni~q ratio equal to 1.2 is consistent 
with this constitution of phases in the es- 
timated range of cooling rates. 

Sample D exhibits a microstructure 
generally consisting of austenite with the 
presence of vermicular ferrite, apparently 
in a greater amount as compared with 
Samples A and B. The morphology of fer- 
rite suggests that FA solidification mode 
has mainly occurred. However, the pres- 
ence of delta ferrite in limited portions of 
the weld metal suggests that solidification 
could have partially shifted to primary 
austenite with the formation at solidifica- 
tion of eutectic ferrite, constituting a net 
surrounding the austenite grains and sub- 
grains. In both cases, it is recognized that 
these microstructures are very resistant to 
hot cracking, even if the structure formed 

from primary ferrite is believed more re- 
sistant. WRC-1992 estimation of phases 
gives a ferrite number (FN) in the range 
2-8 for 11 of the 13 evaluated points, 
whereas, in the two remaining points, FN 
reached values of 14 and 15, respectively. 
The value of the ratio Creq/Ni~ is in the 
range of 1.4-1.7, where both the envis- 
aged solidification modes AF and FA are 
likely to occur (Refs. 15, 16). 

Conclusions 

The results allow the following con- 
clusions: 

1) It is confirmed that sound welds can 
be attained successfully on dissimilar 
steels with either single-side or double- 
beam simultaneous LBW, taking advan- 
tage of the reduced melt zone and HAZ 
and consequent minimization of distor- 
tion and residual stresses resulting from 
heat input on the workpiece. 

2) Simultaneous LBW, which was in- 
troduced to assure complete fusion at the 
weld root, has given good results. This 
process should offer a further reduction 
of distortion and a shape (nearly rectan- 
gular or hyperbolic) that is tolerant of 
geometrical inaccuracies in joint prepa- 
ration and a reduced angular distortion 
(Ref. 20). In the present investigation, 
strip filler metal gave uniform dilution 
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and composition in the weld zone. 
Moreover, productivity can be practically 
doubled. 

3) The main problem encountered in 
previous trials (incomplete weld fusion 
at the weld root), attributed to the poor 
heat transfer through the numerous 
packed strips of fi l ler metal, has been 
overcome by uti l izing a reduced total 
thickness of the strips. The metallurgical 
requirement has been met by using more 
alloyed fi l ler metals. 

4) The best results were obtained with 
procedure D since the resultant structure 
(higher content of ferrite, with predomi- 
nant primary ferrite solidification) exhib- 
ited good resistance to hot cracking. The 
weld metal composit ion is consistent 
with that of the base stainless steel. 
Under the welding conditions experi- 
enced, crack-free welds were obtained 
by using a single strip filler metal with a 
composition equal to the average com- 
position of the fil ler metal strips, which is 
about 24Cr-14Ni- 3Mn-3Mo, or in terms 
of Cr and Ni equivalents: Cr~q = 27%, Ni~q 
= 16%, with a Creq / Nieq ratio of 1.68. 

5) Even if primary ferrite solidification 
mode is believed superior in l imit ing 
cracking tendency in the weld zone, the 
structures obtained with procedures A, B 
and C show a satisfactory composition 
and no cracks were revealed during in- 
spection. Therefore, the relevant compo- 
sitions can be considered when condi- 
tions (e.g., urea plants) require a reduced 
content of ferrite (A, B) or a nearly fully 
austenitic structure (C) in the weld metal. 
It should be noted that the combination of 
other filler metals also can give satisfac- 
tory results, but their average filler metal 
composition probably should be close to 
the ones used in this investigation. 
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Appendix 

The solidification time and postsolid- 

ification cooling rate were roughly esti- 
mated to define their order of magnitude 
and to demonstrate that in this case the 
cooling rate is relatively moderate com- 
pared to other LBW conditions with an 
extremely reduced melt zone size and 
low-heat input. The evaluation is based 
on the fo l lowing relations, which are 
available in the literature (Ref. 21 ): 

solidification time ts = 

LH net 

2~pC(Tm - T0)2 

a s s u m i n g  
L = la ten t  hea t  of so l id i f ica t ion  = 

2 J/mm3 = 2 x 109 I/m3 
Tm= fus ion  t e m p e r a t u r e  of  steel  

( a s s u m e d  =1460°C)  

T o = a m b i e n t  t e m p e r a t u r e  
( a s s u m e d  =20°C)  

v = w e l d i n g  s p e e d  = 2 m / m i n  = 
0 . 0 3 3 3  m/s  

W = ne t  w e l d i n g  p o w e r  = 2 0 . 0 0 0  W 
(for dua l  LBW), rl = 

LBW ef f ic iency  = 0.80 

Hne t = ne t  hea t  i n p u t =  

r/w 0.8 x 20000 
= - -  = 480.000 J / m 

v 2/60 

k = t h e r m a l  c o n d u c t i v i t y  of  a u s t e n i t i c  
steel = 

30.3 W/°mC 
pc = thermal capacity of steel = 

0.0044 x 109 J/m3 
we found: 

2 x 109 x 480.000 
t S 0.55s 

27r x 30.3 x 0.0044 x 109 (1460 - 20) 2 

a n d  t he  so l id i ca t ion  rate ( c o n s i d e r i n g  a 
so l id i f ica t ion  interval  of 30°C) 

Rs AT = 30 / O.55 = 55°C / s 
tS 

The  m a x i m u m  pos t so l id i f i ca t ion  c o o l i n g  
rate is e s t i m a t e d  by the  re la t ion  

R = 2~rkp TC _ TO )3 

where 
R = maximum cooling rate at the 

temperature T c assumed = 1420°C 
(just below the solidification point) 

s = plate thickness = 0.01 m. 
It was found R --- 1000°C/s 

The above values classify our welding 
process with moderate solidification and 
cooling rates of the same order of magni- 
tude encountered in common arc weld- 
ing processes. 
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Effect of Nitrogen on C-Mn Steel Welds 
Containing Titanium and Boron 

The effect of nitrogen on the microstructure of shielded metal arc weld metal 
depends on the amount of titanium and boron present 

BY G. M. EVANS 

ABSTRACT. The effect of nitrogen in the 
range of 80 to 240 ppm on the mi- 
crostructure and properties of C-Mn 
shielded metal arc welds containing Ti 
and B has been studied. It was found that 
nitrogen interacted with both elements 
and, by a combination of solute and mi- 
crostructural changes, affected mechani- 
cal properties in either a positive or a 
negative manner. Toughness of a previ- 
ously optimized composition (400 ppm 
Ti, 40 ppm B) was particularly degraded 
by nitrogen. It is concluded that nitrogen 
is an integral part of weld metal chem- 
istry and should be considered of equal 
importance as the microalloying ele- 
ments themselves. 

Introduction 

Although the importance of exclud- 
ing air from the arc atmosphere has been 
realized since the early days of arc weld- 
ing, it is only recently, on publication of 
an ilW compendium (Ref. 1), that the 
role of nitrogen has become more 
widely appreciated. In the past, nitrogen 
analysis of weld metal was seldom car- 
ried out, but with the advent of modern 
analytical equipment, both accuracy 
and reproducibility have been demon- 
strated (Ref. 2). As stated by Kotecki 
(Refs. 3, 4), nitrogen addition is inten- 
tionally made to austenitic and duplex 
austenitic-ferritic stainless steel deposits, 
where it has a strong effect on the phase 
balance. However, in the case of C-Mn 
steel deposits, nitrogen is often, but not 
always, detrimental to properties (Ref. 
3). Excess nitrogen causes porosity, and 
shielding efficiency is known (Ref. 5) to 
be dependent on electrode type, polar- 
ity, coating thickness and the baking 
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temperature. The lowest shielded metal 
arc (SMA) weld metal nitrogen levels, in 
the range 60-100 ppm, are obtained 
with basic low-hydrogen electrodes, and 
a decrease down to 35 ppm has been 
achieved experimentally by combining 
argon protection with a short arc length 
(Refs. 5, 6). The raw materials used in the 
coatings, e.g., the ferro-alloys, are a 
known source of background nitrogen, 
as also is the core wire employed (Ref. 
5). The modern trend toward the use of 
continuously cast core wire has aggra- 
vated the situation since appreciably 
higher nitrogen contents (> 60 ppm) are 
generally encountered-- more than pre- 
viously encountered in "rimmed" steel 
wire (<30 ppm) produced by the ingot 
route (Ref. 3). 

The present study attempts to quantify 
the effect of nitrogen on the microstruc- 
ture and properties of ferritic shielded 
metal arc deposits. The test welds were of 
the Ti-B type, and by repeating a previous 
investigation (Ref. 7) at different nitrogen 
levels, it was intended to generate a data- 
base for eventual modeling purposes. In 
the previous work (Ref. 7), a standard ni- 
trogen content of approximately 80 ppm 
was attained. Further increases to 160 
and 240 ppm were achieved in the pre- 
sent case by interchanging part of the 
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pure Mn metal in the coating with a ni- 
trided version. This procedure served as 
a ready means of adding the nitrogen 
without essentially modifying the coat- 
ings or disturbing the arc characteristics. 
Nevertheless, it follows that the aim was 
to simulate situations where nitrogen is 
entrained, for example, by procedural 
abuse, i.e., a long arc length. 

Experimental Procedure 

Electrodes 

For the standard condition, different 
amounts of titanium metal and ferro- 
boron had been added to the coatings of 
basic low-hydrogen SMA electrodes, as 
described previously (Ref. 7). 

Two more sets of experimental elec- 
trodes were prepared, with approxi- 
mately 11% and 23% of the manganese 
metal present in the dry mix being re- 
placed with the same amount of nitrided 
manganese metal containing 7% N. 

The electrodes were extruded onto 4- 
mm-diameter "rimmed" steel core wire 
(25 ppm N), using a coating factor (D/d) 
of 1.68. A baking temperature of 400°C 
for 1 h was used throughout. 

Weld Preparation 

The joint geometry was that specified 
in ISO 2560 - 1973, the plate thickness 
being 20 mm. Welding was done in the 
flat position and three beads per layer 
were deposited, as in earlier work (Refs. 
7, 8). Twenty-seven runs were required to 
fill the individual joints. Direct current 
(electrode positive) was employed, the 
amperage being 170 A, the voltage 21 V 
and the heat input was nominally 1 
kJ/mm. The interpass temperature was 
standardized at 200°C. The sequence of 
overlapping heat-affected zones is 
shown in Fig. 1. 
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