
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 

G. M EVANS is with Oerlikon-Welding Litd. 
ZiJrich, Switzerland. 

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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Fig. I - -  Multipass deposition sequence.  

Heat Treatment 

The deposi ts were tested in the as- 
we lded condi t ion,  wi th the tensile spec- 
imens being given a hydrogen removal 

treatment at 250°C for 14 h. Another set 
of impac t  spec imens was tested after 
stress rel ieving for 2 h at 580°C (Ref. 9). 

Mechanical Testing 

Two subsize al l -  
we ld -me ta l  tens i le  
specimens (Mini t rac 
ISO 6892-D5 x 25) were machined and 
tested for each of the different deposits as 
in previous work  (Refs. 7, 8). Also, ap- 

Fig. 2 - -  E x p e r i m e n t a l  m a t r i x  ( U - B - N ) .  

prox imate ly  35 central ly located Charpy 
V-notch specimens were struck in each 
case to obtain a full transit ion curve. 

Table 1--Analysis of Welds with Different Nominal Amounts of Titanium and Nitrogen 

Nominal 
Titanium 
Content 
ppm 

5 

35 

120 

250 

400 

Designated Nitrogen Level 
N N1 

B N O ~ B N 
ppm ppm ppm ppm ppm ppm ppm 

5 1 94 449 5 5 145 
2 16 86 456 5 15 131 
2 28 84 452 5 38 140 
5 64 74 511 5 72 155 
5 109 63 493 5 109 147 
5 146 83 489 5 141 142 
5 195 85 503 7 160 144 

35 3 79 443 31 2 148 
33 33 70 470 36 38 133 
34 70 74 466 40 80 130 
36 112 71 447 45 119 127 
38 140 75 449 45 161 125 
45 192 71 435 47 190 128 

120 2 84 337 120 2 164 
130 38 68 370 120 32 167 
110 71 69 380 130 57 172 
130 112 84 339 110 90 152 
120 148 75 351 110 129 154 
120 195 80 367 100 158 167 

260 2 77 291 300 2 166 
260 21 70 314 200 46 161 
290 46 69 292 210 105 156 
270 91 75 255 210 147 170 
270 126 72 269 230 200 141 
250 169 63 253 

410 2 77 282 410 2 164 
400 14 68 286 370 15 149 
410 29 72 275 410 29 143 
370 41 69 282 370 40 149 
390 51 85 297 350 54 139 
430 108 79 298 350 102 140 
390 158 84 290 360 158 138 

N2 
O ~ B N O 

ppm ppm ppm ppm ppm 

402 5 5 235 399 
409 5 30 208 393 
404 5 42 225 377 
372 5 80 217 360 
405 5 111 227 380 
360 5 123 227 335 
396 5 160 233 426 

409 29 2 226 391 
360 35 34 234 310 
385 38 66 238 308 
299 41 105 236 287 
325 45 167 223 308 
325 46 197 222 351 

341 120 2 239 315 
315 120 29 43 314 
313 120 59 250 335 
265 110 90 270 314 
308 110 128 239 319 
311 100 162 210 310 

278 320 2 253 286 
289 190 43 265 248 
271 210 91 236 261 
269 210 143 236 270 
274 250 200 224 269 

285 430 2 225 299 
291 410 16 227 287 
285 380 28 220 299 
281 410 44 232 292 
284 370 52 229 284 
277 360 110 229 285 
290 390 167 217 297 
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Fig. 3 - -  Effect o f  nitrogen on microhardness o f  
top bead. 

Metallography 

Transverse sections of the welds were 
prepared and optical examination was 
carried out on the top beads and on the 
adjacent intercritically reheated zones, 
as in previous work (Refs. 7, 9). 

Results 

Chemical Composition 

The nominal composition of the weld- 
ments was 0.07% C, 1.5% Mn, 0.35% Si, 
0.007% S and 0.009% P. The back- 
ground level of Ni, Cr and Cu was ap- 
proximately 300 ppm, whereas Mo was 
of the order of 50 ppm, and AI, Nb and 
V were maintained below 5 ppm. 

The amounts of Ti, B, N and O in the 
deposits are listed in Table 1 for the three 
distinct levels of nitrogen, designated as 
N (80 ppm), N1 (160 ppm) and N2 (240 
ppm). Fair agreement was achieved be- 
tween the series, with the nitrogen addi- 
tion having no evident effect on the di- 
verse levels of Ti and B, up to 400 and 
200 ppm of each, respectively. The oxy- 
gen content, however, was reduced at the 
lower -17 levels so that the previously re- 
ported imbalance of oxygen (Ref. 7) was 
minimized as nitrogen increased. 

The experimental matrix is depicted 
in Fig. 2, with six compositions of partic- 
ular interest, designated as O, W, X Y, T 
and U, being pre-chosen (Ref. 7) to 
demonstrate specific effects at extreme 
situations. 

Microhardness 

The microhardness of the central top 
bead of the selected weldments, namely 

O ~ - -  

W - Ti35 
x - Ti400 
Y - Ti400B40 

T I l l  F8 8 t r u o t u r l  TS--O S t r u o t u r e  

loo 

o 

Fig. 4 - -  Microstructural  mode l s  (N-Normal  ni trogen level). 

TIB NZ FS s t r u o t u r e  TIB N2 S t r u o t u r o  

Fig. 5 - -  Microstructural  models (N2- High nitrogen level). 

T ~ B200 
U ~ Ti400B 160 

is plotted against nitrogen content in Fig. 
3. Totally divergent trends are observed, 
thus highlighting the complexity of the sit- 
uation. The low Ti weldment (W) was the 
least affected by nitrogen, whereas a loss 
of hardness occurred for the two high 
boron levels, T and U. Conversely, the mi- 
croalloy-free weldment (O) and the pre- 
viously optimized ~-B combination (Y) 
exhibited a minimum at the intermediate 
nitrogen level. 

Metallographic Examination 

As-Deposited Weld Metal 

Top beads of weldments N and N2 
were optically examined and metallo- 
graphic measurements were made, fol- 
lowing the current guidelines (Ref. 10) of 
IIW Sub-Commission IXJ, to quantify the 

major microstructural components, 
namely, 

• Primary ferrite (PF) 
• Ferrite with second phase (FS) 
• Acicular ferrite (AF) 
• Ferrite-carbide aggregate (FC) 
Three-dimensional models for FS and 

the overall microstructure are presented 
in Figs. 4 and 5 for the normal and the 
high nitrogen level, respectively. Com- 
parison shows that a small ~ addition led, 
in both cases, to a precipitous decrease in 
the volume fraction of FS. Also, a certain 
buckling of the surface profile occurred 
with either the elimination or formation of 
depressions. The overall microstructure, 
as quantified previously (Ref. 7) for N, 
was noticeably modified by nitrogen ad- 
dition, with B in the presence o f~  failing 
to suppress the formation of PF at the prior 
austenite grain boundaries. FC was not 
observed at the high nitrogen level. The 
transverse ridge in AF, occurring at 40 
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Fig. 6. - -  Photomicrographs of top beads (N + N2). 
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Fig. 7 -  Photomicrographs of top beads (IV + N2). 
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Fig. 8 - -  Photomicrographs o f  high temperature reheated regions (N + N2). 

L -  - -  

,. , . I r ~ l  ! 

) 

x2ooo I ! 

y-- 

(410Ti, 77N) x2000 X2 (430Ti, 225N) ~( 

Y2 (410Ti,44B,232N) x2000 

Fig. 9 - -  Photomicrographs o f  l ow  temperature reheated regions (N + N2). 
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Fig. 10 - -  The ultimate tensile strengths for the three distinct nitrogen levels are plotted against boron content. Previously reported results are also 
included. 

ppm B, was dampened, with a concurrent 
increase in AF at the extreme of both ele- 
ments in combinat ion. 

Photomicrographs of as-deposi ted 
co lumnar  regions of X,Y and U at low 
and high nitrogen levels are shown at two 
different magnif ications in Figs. 6 and 7. 
Apart from a general ref inement of AF, 
weld metal X, as observed in the light mi- 

croscope, was little affected by nitrogen, 
as were O, W and T. Weld metal Y, on the 
other hand, gave a clear response wi th 
the format ion of PF and side-plates. Sim- 
ilarly, we ld  metal U revealed an obvious 
change due to nitrogen, with a bainit ic- 
type structure becoming more acicular 
and ferrite vein ing being reintroduced. 
Also, decorat ion of prior austenite grain 

Table 2 - -Cor respond ing  Tensile Properties of the Welds 

Nominal 
~tanium N 
Content YS UTS El RA 
ppm N/mm2 N/mm2 % % 

462 539 28.7 77.9 
461 530 26.5 77.5 
462 537 27.6 74.6 

5 467 542 22.1 76.0 
431 521 24.3 75.3 
470 547 21.1 73.2 
478 561 22.2 73.6 

460 533 27.6 78.9 
514 575 25.0 75.7 
479 540 26.0 75.5 35 479 533 25.2 74.7 
477 545 22.5 74.7 
460 557 23.1 73.6 

480 538 27.8 79.8 
512 560 26.2 78.4 
486 540 27.6 74.3 120 488 554 25.4 74.2 
486 570 23.9 72.1 
479 554 24.6 74.5 

509 578 26.4 78.9 
529 581 25.6 78.0 
501 564 25.8 75.1 250 
497 559 28.0 75.8 
494 572 26.7 77.9 
479 563 25.6 73.5 

504 577 25.8 79.8 
558 616 23.6 74.3 
548 590 25.4 75.0 

400 546 594 25.8 73.0 
514 571 28.0 79.0 
547 601 25.0 74.2 
517 586 22.5 77.7 

and subcell boundaries was diminished. 

Reheated Weld Metal 

Optical  examinat ion of the high tem- 
perature reheated regions revealed a 
standard feature (Refs. 7, 8), namely that 
the interiors of the prior austenite grains 
transformed to similar type structures as 

Designated Nitrogen Level 
N1 

YS UTS El RA 
N/mm 2 N/mm 2 % % 

473 566 24.0 77.0 
475 565 25.7 73.4 
492 571 25.4 72.2 
468 571 24.8 72.0 
462 544 25.0 75.6 
474 549 24.7 73.3 
474 562 21.3 67.4 

482 545 28.0 78.9 
462 534 26.3 74.4 
467 526 27.1 77.6 
427 503 27.0 77.7 
431 494 25.4 74.4 
454 512 25.3 76.5 

513 573 25.2 76.0 
526 581 26.3 76.4 
515 565 25.9 76.7 
485 549 27.3 75.0 
466 533 26.3 74.7 
453 520 27.1 75.6 

546 611 24.0 78.0 
513 572 26.2 75.4 
504 556 25.2 77.1 
501 554 23.9 76.5 
493 569 23.4 75.8 

578 632 24.6 78.0 
551 614 24.1 74.1 
532 593 26.8 73.6 
521 584 26.8 74.0 
518 575 26.8 74.9 
503 555 27.8 76.3 
489 557 23.2 73.3 

N2 
YS UTS El RA 

N/mm2 N/mm2 % % 

505 607 24.0 76.0 
506 600 23.3 72.1 
501 586 22.7 73.4 
493 580 22.9 71.0 
482 564 23.5 71.7 
470 555 24.9 73.4 
439 528 22.4 70.8 

492 581 25.8 77.9 
497 568 25.1 71.3 
484 554 27.5 75.1 
459 529 28.0 75.6 
459 516 26.8 72.8 
429 496 26.8 75.3 

523 599 29.2 77.0 
531 592 27.9 75.9 
535 587 25.5 76.2 
519 577 25.6 70.7 
496 551 25.7 74.8 
470 534 29.1 74.6 

546 621 23.6 76.0 
532 592 23.6 73.3 
508 585 26.6 73.9 
493 556 26.7 73.8 
496 549 24.1 75.0 

552 633 25.0 72.8 
542 633 18.6 71.4 
537 612 23.7 71.2 
558 621 23.9 71.6 
537 601 25.4 70.0 
491 562 23.8 72.4 
474 541 27.8 72.6 
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Fig. 11 - -  Charpy V-notch curves for as- 
welded deposits o f  six pre-chosen composi- 
tions. 

the as-deposited weld metals. Nitrogen 
addition induced a noticeable change to 
the coarse-grained structure of T, Y and 
U, with grain boundary decoration being 
eliminated and the pro-eutectoid ferrite 
envelopes becoming coarser and more 
well defined. On the other hand, no ob- 
vious response was discernible for O, W 
and X. Illustrative photomicrographs of 
X,Y and U are shown for the two extreme 
nitrogen levels in Fig. 8. 

fect on the overall grain size of the low 
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Fig. 1 7 -  After postweld heat treatment, the deleterious effect of nitrogen persists• 

as Ti increased. At higher nitrogen con- 
tents the effect was eliminated, with the 
strength tending to progressively decrease 
with increasing boron. Also, Ti caused 
less of a variation in strength, apart from 
the 35 ppm Ti series that was consistently 
lower at both levels, N1 and N2. 

I m o a c t  Results 

Charpy V-notch curves for as-welded 
deposits of the six specific pre-chosen 
compositions are shown in Fig. 11 as ex- 
amples of the variation in transition en- 
countered. A spread of approximately 

70°C is apparent for all three nitrogen 
levels as a result of microalloying. Of 
note is that the relative positions 
changed, with Y being degraded and U 
becoming the optimum choice as the ni- 
trogen content increased. 

The Charpy V test temperatures cor- 
responding to 100 J and 28J are listed in 
Table 3 for the complete series in the as- 
welded and the stress-relieved condi- 
tion. Three-dimensional computerized 
representations of the data for 1 O0 J (AW) 
(Fig. 12) show reverse buckling of the 
surface profile on increasing nitrogen. 
The initial transverse depression at 40 
ppm B was eliminated and displacement 
to higher temperatures is apparent, ex- 
cept at the right-hand corner, where both 
elements were at the extreme. The equiv- 
alent models for the stress-relieved con- 
dition, i.e., 100 J (SR), show similar 
trends (Fig. 13), with a remnant of the 
steep side wall induced by very low Ti 
contents being retained at the higher ni- 
trogen levels. In the main, however, post- 
weld heat treatment had a beneficial ef- 
fect throughout. 

Discuss ion  

The models generated in the present 
study confirm (Refs. 11-14) the metallur- 
gical complexity of ferritic microalloyed 
steel weld metals. By commencing with 
a high purity deposit, variable trends 
were encountered on systematically 
adding Ti and B, in isolation and in com- 
bination. Also, by partially replacing the 
pure Mn metal in the coating with a ni- 
trogen-containing version, distinct levels 
of weld metal nitrogen were successfully 
attained without disturbing the welding 
performance. Furthermore, the imbal- 
ance in oxygen (Ref. 7) induced by the 
deoxidation potential of Ti was dimin- 
ished to a certain extent on increasing the 
nitrogen content. The addition of nitro- 
gen to as-deposited weld metal substan- 
tially altered the microstructural trends 
found previously for the standard level of 
80 ppm N, even in the microalloy-free 
case, where elimination of AF and FC 
took place. The profiles of the mi- 
crostructural components within the sys- 
tem were modified, with the depression 
in FS, for example, at 400 Ti and 40 B, 
being smoothed out. Similarly, AF was 
less sensitive to B at this Ti level, with the 
nitrogen addition causing an increase in 
acicularity in the presence of excess B. 
The abrupt decrease in FS and the corre- 
sponding increase in AF on adding a 
trace of -I-i persisted at the high nitrogen 
level and, as proposed by Tiersma, et al. 
(Ref. 15), it is tentatively assumed that 
transformation is controlled by the for- 
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mation of 1i (C, O, N) compounds at the 
inclusion/matr ix interfaces. The mi- 
crostructure of reheated regions was also 
affected by nitrogen addition, with as yet 
unquantified changes in grain size and 
microphase morphology being observed. 

Increasing the nitrogen content 
markedly affected the bulk tensile prop- 
erties of the deposits, an initial cyclic ef- 
fect caused by boron being destroyed 
and the strength finally progressively de- 
creasing with increasing boron. The 
complexi ty of the situation is demon- 
strated in Figs. 14 and 15 where the yield 
and ultimate tensile strengths of the six 
chosen variants are plotted against nitro- 
gen. Totally different trends are apparent 
with O and W increasing, T and U de- 
creasing and X and Y showing opposite 
reversals at the intermediate nitrogen 
level. The microhardness of the top 
beads (Fig. 3) underwent essentially sim- 
ilar trends and nitrogen is clearly an ele- 
ment that has a profound effect on the 
strength of weld metal. 

The three-dimensional toughness pro- 
file for the test temperature corresponding 
to 100 J, as generated earlier (Ref. 7) for 
the standard condition, also underwent 
modif icat ions on raising the nitrogen 
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Fig. 18 - -  Effects of  t i tanium on test temperature 
corresponding to 100 J (different nitrogen lev- 
els). 

Fig. 1 9 -  Effect o f  boron on test temperature 
corresponding to 100 J (different nitrogen lev- 
els). 

level - -  Fig. 12. In the main, the surface 
was raised to higher temperatures, except 
at the extremes of boron where down- 
ward tilting occurred. The steep side wall 
caused by the absence of-I] was retained, 
but the beneficial effect induced by 40 
ppm B in combination with 1i was first 
eliminated and then reversed. The equiv- 
alent models for stress-relieved weld- 
ments (Fig. 13) show the same tendencies 

in a dampened form, with increasing ni- 
trogen preventing the full collapse of the 
side wall caused by a dearth of -15. The 
complex changes involved are better ap- 
preciated in Fig. 16, where the Charpy V- 
notch test temperatures for 100 J and 28 J 
are plotted for the six pre-chosen compo- 
sitions. The high purity weld metal (O) 
was further embritt led by nitrogen, as 
were W, X and Y, with the last-mentioned 

Table 3 - -Cor respond ing  Charpy V Test Temperatures for 100 J and L85 (AW and SR) 

Nominal Ti; 
Content ppm 

35 

Designated Nitrogen Level 
N1 N 

As Welded Stress Relieved As Welded Stress Relieved 
Temp Temp Temp Temp Temp Temp Temp Temp 
100J 28J 100J 28J 100J 28J 100J 28J 

-15 -47 -69  -90 5 -24 -45 -82 
- 11 -48 -68 -88 6 -23 -40  -76 
-14 -55 -60 -92 6 -31 -36 -82 
-22 -63 -50 -85 -2  -39 -38 -82 
-37 -72 -70  -95 -16 -47 -48 -90  
-50 -92 -69 -93 -29 -62 -38  -83 
-34 -75 -59 -86 -52 -84 -46 -81 

-68 -88 -70  -90 -41 -63 -62 -83 
-60 -96 -74 -98 -39 -56 -59 -75 
-55 -84 -60  -88 -23 -45 -47 -69 
-65 -93 -73 -89 -32 -55 -53 -72 
-60  -90  -65 -98 -32 -65 -55 -76 
-50  -78 -61 -85 -38 -67  -43 -55 

N2 
As Welded Stress Relieved 

Temp Temp Temp Temp 
100J 28J 100J 28J 

20 -16 -29 -64  
18 -12 -21 -70  
15 -21 -29 -70  
13 -28 -18 -68 
8 -33 -26  -74 
1 -46  -47 -78  

-13 -44 -40 -63 

-24 -48 -50  -78 
-28 -50 -39 -58 
-13 -28 -25 -50 
-16 -45 -28 -44 
-23 -51 -36 -68 
-26  -57 -39 -65 

120 

250 

-43 -59 -56 -74 -29 -52 -54 -78 
-57 -77 -58 -79 -36 -60 -62 -76 
-56 -79 -60  -84  -37  -57 -57 -83 
-65 -86 -63 -92 -43 -66 -50 -72 
-59 -83 -60  -75 -46  -66 -58 -85 
-40  -54 -40  -58 -47  -72 -61 -72 

-56 -72 -67 -83 -35 -63 -58 -82 
-72 -93 -72 -87  -36  -62 -46 -71 
-82 -98 -78 -93 -43 -67 -51 -69 
-81 -96 -66 -86  -48 -78 -56 -79 
-69 -92 -59 -82 -50 -70  -65 -85 
-52 -79 -50 -69 

-23 -52 -37 -67 
-26 -54 -57 -81 
-22 -51 -54 -68 
-29 -53 -50  -65 
-34 -62 -54 -75 
-35 -76 -52 -75 

-24 -52 -46  -74 
-18 -47 -35 -66 
-22 -45 -48 -76  
-34 -58 -47 -68 
-46 -80 -53 -74 

400 

-61 -77 -62 -83 -44 -72 -58 -82 
-77 -94  -71 -92 -48 -70  -52 -80 
-79 -100 -75 -98 -48 -73 -57  -91 
-81 -107 -81 -99 -48 -73 -62 -94 
-83 -108 -76 -96 -52 -81 -58 -94 
-62 -96  -69 -90  -64 -83 -68 -91 
-53 -80  -44 -73 -67 -89 -68 -95 

-30 -56 -43 -72 
-30 -56 -37 -72 
-27 -66 -40  -63 
-24 -56 -41 -84 
-25 -66 -41 -75 
-38 -64 -48 -72 
-52 -81 -52 -87 
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having the greatest slope. The boron ex- 
tremes (T and U), on the other hand, show 
the intermediate nitrogen level (N1) to be 
beneficial. After postweld heat treatment, 
the deleterious effect of nitrogen persisted 
(Fig. 1 7), but to a lesser extent, and in con- 
trast to T still underwent a reversal. 

Nitrogen addition affects the elemen- 
tal balance, as explained by Burkhardt, et 
aL (Ref. 16), for submerged arc welds. At 
low levels of microalloying (O and W) a 
strengthening effect occurred due pre- 
sumably to an increase in free nitrogen. 
The notch toughness of both was de- 
graded to essentially the same extent as 
seen in Fig. 18, where the results for the 
B-free weldments are plotted. Also, as re- 
ported earlier (Ref. 17), the optimum Ti 
level was displaced from 30 ppm toward 
50 ppm on increasing nitrogen. A certain 
parallelism in the toughness pattern is ev- 
ident with X (400 Ti) being degraded to 
almost the same extent. The microhard- 
ness and yield strength of X, however, un- 
derwent a reversal, with microstructural 
changes eventually counteracting the in- 
fluence of solute strengthening: On sub- 
sequently adding boron to X, a totally dif- 
ferent toughness pattern emerged at the 
side face of the matrix model - -  Fig. 19. 
Nitrogen addition to Y totally obviated 
the initial improvement induced by 40 
ppm B, and fiber aggravated the situation 
relative to X. The tensile properties of Y 
init ial ly decreased, and degradation of 
the microstructure, with the formation of 
PF at the prior austenite grain bound- 
aries, is evidence of the failure of the 
boron to become activated. Above 40 
ppm the embrittling effect of boron was 
counteracted by nitrogen, leading to con- 
verging trends. Interaction with excess 
boron led to a decrease in tensile prop- 
erties and the toughness responded to the 
increase in acicularity. Free boron was 
again evidently suppressed since grain 
boundary ferrite was also observed in U 
on adding nitrogen. 

As a guideline, Hannerz (Ref. 18) 
stated for multi-run submerged arc welds 
that 10 ppm N causes an upward shift of 
+ 3°C in the Charpy V-notch transition 
temperature. This agrees well with the 
slope of W in Fig. 16 (100 J), the extrap- 
olated difference between 0 and 300 
ppm N being 90°C. Further addition of ti- 
tanium (X) decreased the slope to ap- 
proximately 2°C/10 ppm N, and it is sur- 
mised that high Ti welds have the 
advantage of being relatively insensitive 
to a long arc length. The equivalent slope 
of Y is approximately + 4°C/10 ppm N 
and the evidence suggests that optimized 
Ti-B-containing welds would be sensitive 
to operational abuse. Conversely, extrap- 

olation to low N levels indicates consid- 
erable gains could be made, for example, 
in rutile flux cored wire welds, by reduc- 
ing the nitrogen content down to the re- 
gion of 25-35 ppm. If such a level were 
to be reached experimental ly in SMA 
weldments for composition Y, which in- 
cidentally was devoid of niobium (Ref. 
19), then the indications are that 100J 
could be achieved at below -100°C. Fi- 
nally, the fact that certain deposits, such 
as T and U, show a reversal in toughness 
points the way to a possible future devel- 
opment of consumables containing spe- 
cific amounts of microalloying elements 
(in ppm), where ambient nitrogen could 
be made to act as a control l ing mi- 
crostructural component. 

Work is underway to evaluate the ef- 
fect of AI on Ti-B-type weld metal, 
namely composition Y. By again operat- 
ing at three nitrogen levels the database 
is thus being extended to include the Ti B 
AI N system. Concurrent studies are also 
being carried out in different laboratories 
worldwide to characterize the nonmetal- 
lic inclusions and the transformation se- 
quences. Specifically chosen weldments 
are additionally being subjected to strain 
aging to evaluate, using a fracture me- 
chanics approach (Ref. 20), the relative 
susceptibility of different compositional 
variants to this phenomenon. 

Conclusions 

1) Nitrogen affects the microstructure 
of SMA weld metal in a complex manner, 
depending on the amount of t i tanium 
and boron present. 

2) Weld metal hardness, strength and 
toughness can either increase or de- 
crease with increasing nitrogen depend- 
ing on ~ and B. 

3) Weld metal optimized for tough- 
ness, containing 400 ppm Ti and 40 ppm 
B, was severely degraded by nitrogen. 

4) Toughness of weld metal contain- 
ing an excess of boron was improved by 
the addition of a controlled amount of 
nitrogen. 
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