
Fig. 1 — Etched cross sections from alum
inum-free (top) and aluminum-containing 
(bottom) 26%Cr, 6%Ni, bal. Fe welds made 
under identical conditions using the gas 
metal-arc welding process. Note the col
umnar structure in the upper weld and fine 
grained structure in the lower weld. 
Lepito's etchant; X2, reduced 50% Fine Grained Weld Structures 
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Superp/astic welds can be obtained 
in certain Cr-Ni iron base alloys using 
filler metals of controlled Al-N con
tents and conventional welding pro
cedures 
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Fig. 2 — This photomicrograph shows the 
structure of the base alloy at the left, grain 
coarsened heat-affected zone, and coarse 
grained weld deposit of the aluminum-
free gas metal-arc weld. The arrows indi
cate the junction of the weld and heat-
affected zone. X50, reduced 50%; elec
trolytic 10% oxalic acid etchant 
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Fig. 3 — The addition of 0.05% aluminum 
to the filler metal used to produce the weld 
shown in Fig. 2 resulted in initial growth 
by a planar mechanism which ended 
abruptly with the appearance of an ex
tremely fine grained structure. The arrows 
indicate the edge of the heat-affected 
zone and the weld metal is located at the 
right. X50, reduced 50%; electrolytic 10% 
oxalic acid etchant 

ABSTRACT. Grain ref inement in the 
weld pool of a microduplex stainless 
steel was attempted by inoculating 
wi th stable oxides, nitrides and car
bides. Fine grained welds were made 
w i th small additions of aluminum to 
alloys containing controlled amounts 
of nitrogen. Initial weld solidif ication 
was epitaxial and planar; however, it 
then changed abruptly to an equiaxed 
f ine grained structure. The equiaxed 
structure resulted from the solidifica
t ion process and not transformation. 
Superplastic behavior was observed 
in elevated temperature tensile tests 
of these welds. 

W. A. PETERSEN is associated with The In
ternational Nickel Co., Inc., Paul D. Merica 
Research Laboratory, Sterling Forest, 
Suffern, N. Y. Paper presented at the 53rd 
AWS Annual Meeting held in Detroit, 
Mich., during April 10-14, 1972. 

In t roduct ion 

The combination of advantages 
that f ine grains confer on metal struc
tures is unique including, as it does, 
increased strength,1 toughness,2 and 
fatigue life.3 As a result, the desirabil
ity of using f ine grained materials for 
many applications has become wide
ly recognized, and methods for pro
ducing the small grains have been 
established. In cast structures the 
techniques include rapid cooling, 
inoculation, vibration, and electro
magnetic s t i r r ing.4 '5 The extrapola
tion of these techniques to refine the 
grain size of weld metals has, how
ever, met w i th very l imited suc
cess.6- 7 Welds are still normally char
acterized by relatively large grains. 
This point was emphasized to us in re
search on welding of some superplas
tic iron-chromium-nickel a l loys8 '9 

which in the wrought condit ion are 
ultra-fine grained (grain size about 2-
3 microns). When tensile tested at 
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elevated temperatures these alloys 
exhibit superplasticity; i.e., extensive 
neck-free elongation (200 to 600 % in 
the 26 % Cr, 6.5 % Ni stainless steel). 
In the same test, however, the weld 
metal shows only l imited elongation 
(40 to 60 %) because of its relatively 
coarse grain size.10 

In the superplastic alloys there 
might be special benefits to having 
f ine grained welds. For example, if a 
f ine grained deposit could be 
achieved, it might be possible to 
superplastically form parts containing 
welds. Attempts were made to refine 
the grain size of the welds. The 
approach used was to try to form 
stable oxides, nitrides, or carbides in 
order to promote grain ref inement 
through the inoculation of the weld 
pool. Success was achieved in welds 
made w i th 26 % Cr, 6.5 % Ni fi l ler 
wires containing small amounts of 
aluminum. This paper describes the 
f ine grained effect, explores the na
ture of the structure, broadly defines 
the composition range over which it 
may be found and suggests reasons 
for the occurrence. 

Exper imenta l Procedure 

Filler metal heats were prepared in 
a 50 kW air induction furnace using 
a 1 6 kg charge. The melt ing practice 
consisted of charging elemental iron, 
chromium, and nickel; heating to 
2800-2850 F, adding manganese, 
sil icon, t i tanium, carbon and alumi
num, and pouring into a 4 in. square 
cast iron mold. The ingots were hot 
worked from 2100 F to 5 / 8 in. 
square rod and 1/2 in. thick plate. 
The 5 / 8 in. square rod was cold 
rolled and drawn to common fil ler 
metal diameters. 

Welded joints were prepared in 60 
deg Vee beveled plates of the experi
mental compositions as wel l as in 
plate from commercial ly produced 
heats of IN-744 (26 % Cr, 6.5 % Ni, 
Bal. Fe), the base composit ion (Table 
1). Gas tungsten-arc, gas metal-arc 

and shielded metal-arc welds were 
prepared using welding conditions 
commonly employed for stainless 
steel and shown in Table 2. 

Completed welds were radiograph
ically inspected and cut into trans
verse slices, polished, etched and ex
amined for defects at 10X. Grain size 
was estimated at this t ime and later 
by standard metallographic tech
niques. Tensile tests for superplastic 
behavior were conducted on al l -weld-
metal coupons. These were tested at 
1700 F at a strain rate of 0.05 
i n . / i n . / m i n . 

Results 

Observations 

The normal columnar grained struc
ture of a gas metal-arc weld made 
wi th matching composition filler from 
a heat of the 26 % Cr, 6.5 % Ni stain
less steel is shown in the top portion 
of Fig. 1. Epitaxial growth originated 
from the grains w i th in the coarsened 
region of the heat-affected zone and 
extended by columnar growth toward 
the top and center of the weld. This 
growth pattern is commonly observed 
in this and other alloys. The second 
photograph in Fig. 1 depicts a differ
ent type of structure and the subject 
of this paper. This fine grained weld 
was made wi th the same welding 
conditions used for the coarse 
grained weld, but w i th a fil ler metal 
containing a small aluminum addi
tion. The fine grained structure 
shows no evidence of epitaxial 

Fig. 4 — A higher magnification view of 
the weld microstructure shown in Fig. 2 
for the aluminum-free coarse grained 
weld. X500, reduced 50%; electrolytic 
10% oxalic acid etchant 
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Fig. 5 — A higher magnification view of 
the weld microstructure shown previously 
in Fig. 3 for the aluminum-containing, fine 
grained weld. X500, reduced 50%>; elec
trolytic 10% oxalic acid etchant 

Table 1 

Weld 
no. 
1 
3 

4,5,6 

-Compositions of Base Plates Used for Welds Shown in Table 2 

C 
0.040 
0.049 
0.018 

M n 
0.42 
0.41 
0 3 9 

Si 
0.45 
0.41 
0.43 

Cr 
26.0 
25.8 
26.1 

Al 

0.001 
0.03 

0.042 0.42 0.45 25.3 6.8 0.09 0.009 

Ni 

6.4 
6.7 
6.4 

Ti 
0.06 
0.04 
0.22 

0.0290 0.0005 0.0520 

Table 2 — Welding Processes and Conditions Used to Make Welds in 2 6 % Cr, 6.5%Ni,bal. Fe Alloys and 
Results of 1 7 0 0 F Tensile Tests 

Welding Conditions 1700F 

Weld 
no. 
1 
2 
3 
4 
5 
6 
7 

Welding process 
Manual GTAW 
Automatic GTAW 
Automatic G M A W 
Automat ic G M A W 
Automatic G M A W 
Manual SMAW 
Manual SMAW 

V 
17 
11 
33 
33 
33 
24 
24 

Speed, 
Amp ipm 
220 
250 
300 
300 
310 
100 
100 

3 
16 
12 
12 
20 

3 
3 

Energy 
input, 
kJ/ in. 
74.8 
10.3 
49.5 
49.5 
29.8 
48.0 
48.0 

C 
058 

.049 

.058 

.058 

.058 

.058 

Mn 
.37 

.41 

.37 
37 
.37 
.37 

Filler 

Si 
.39 

.41 

.39 

.39 

.39 

.39 

composit ion in wt%, balance Fe 

Cr Ni Ti Al O H 
25.1 6.8 .26 .17 .0012 .00039 
CONDITIONS USED FOR SCREENING T 
25.8 6.7 .04 .001 .0290 .0005 
25.1 6.8 .26 .17 .0012 .00039 
25.1 6.8 .26 .17 .0012 .00039 
25.1 6.8 .26 .17 .0012 .00039 
25.1 6.8 .26 .17 .0012 .00039 

N 
.0265 

ESTS 
.0520 
.0265 
.0265 
.0265 
.0265 

Tensile Te 
UTS, Elong. 
ksi 1 in. , % 
5.7 

7.4 
7.5 
6.6 
8.2 
7.7 

110 

61 
113 
140 

41 
212 

ist 
RA, 

, % 
90 

55 
88 
91 
46 
88 

(a) Crosshead speed 0.05 in./ in./min 

W E L D I N G R E S E A R C H S U P P L E M E N T ! 75-s 



growth at this magnification and no 
sign of the typical columnar grain 
pattern. 

Photomicrographs of the base 
metal/heat-affected zone/we ld inter
face of these sections are shown in 
Fig. 2 and 3 wi th the weld deposit 
shown at the right. The base metal 
has a ferrit ic matrix wi th many finely 
dispersed particles of austenite. The 
grain size of the wrought alloy is not 
obvious in this photomicrograph but 
is roughly equal to the interparticle 
spacing. Rapid grain coarsening and 
partial solution of the austenite oc
curred in the heat-affected zone. In 
the aluminum-free weld deposit (Fig. 
2), epitaxial growth was observed and 
a columnar grain structure developed. 
The junction of weld metal and heat-
affected zone is indicated by arrows 
and was associated wi th the appear
ance of second phase particles in the 
coarse grained ferrit ic matrix. 

Figure 3 shows an identical area in 
a joint made wi th an aluminum-con
taining filler metal of essentially the 
same composition as that used for 
the first weld. Again, the junct ion of 

• " * , 

weld and heat-affected zone may be 
discerned by the appearance of sec
ond phase particles in the ferrit ic ma
trix. The photomicrograph shows that 
initial growth from the wal l was 
epitaxial for about 0.07 mm. The peri
odic array of the second phase par
ticles in this first grain formed by the 
advancing solid-liquid interface sug
gests that the initial growth mechan
ism was planar. After growth pro
ceeded in this manner for a very short 
distance, the mechanism of solidifica
t ion changed abruptly and a f ine 
grained structure resu l ted . A n 
average grain size of 0.02 mm was 
measured in the fine grained weld as 
compared to 0.14 mm in the coarse 
grained weld. 

Higher magnification views further 
illustrate the vast difference in size of 
coarse and f ine grained weld struc
tures (Figs 4 and 5). In both welds the 
matrix is ferrit ic and the grain bound
ary phases consist primari ly of aus
tenite wi th some fine carbides at 
their edge, as wel l as randomly dis
tributed t i tanium carbo-nitrides. Top 
pass beads or single bead-on-plate 
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Fig. 6 — Composite of three photomicrographs in the form of a cube to show that the struc
ture was equiaxed in all directions in the fine grained welds. Electrolytic 10% oxalic acid 
etchant; X100, not reduced 

welds had a f ine grain structure 
which resembled in every way the 
other weld beads contained w i th in a 
multipass weld. 

Microprobe analysis of the f ine 
grained welds showed that the aus
tenite was enriched in nickel and de
pleted only slightly in chromium. 
Many of the particles in the center of 
the fine grained welds were found to 
be aluminum rich. Despite trials w i th 
a variety of etchants, it was not pos
sible to show the columnar growth 
structure known to characterize this 
type of alloy. In fact, bend tests of 
polished samples also showed the 
characteristic deformation markings 
of a fine grained, equiaxed structure 
rather than a coarse grained, col
umnar structure. 

The structure exhibited by the f ine 
grained welds was found to be truly 
equiaxed when viewed in three 
planes as demonstrated in Fig. 6. This 
figure is a composite of three photo
micrographs in the form of a cube and 
illustrates the same f ine, equiaxed 
structure in all directions. 

Examination of craters resulting 
from gas tungsten-arc bead-on-plate 
welds revealed smaller dendrites in 
aluminum-containing than in a lumi
num-free welds. Figures 7 and 8 
show the respective sizes of den
drites near the center of the craters in 
an aluminum-free and an aluminum-
containing weld. In both cases, den
drite size corresponded closely to the 
etched grain size present in the de
posit preceding the crater. 

Fine Grain Composition Range 

In order to produce f ine grains, the 
level of aluminum added to the 26 % 
Cr, 6.5 % Ni base was crit ical. Fine 
grains were only observed in the 
range 0.05-0.20% aluminum. The 
heats used to examine the effect of 
variation in chromium and nickel con
tents, shown in Fig. 9 superimposed 
on an isothermal cross section of the 
phase diagram, were split five ways 
wi th increasing aluminum content in 
each split. It was found that the afore
mentioned range of aluminum con
tents was applicable to these other 
alloys. 

Autogenous gas t ungs ten -a r c 
beads were run across portions of the 
small castings from the split heats 
which were then polished and 
etched. Macroexamination showed 
the broad composition range over 
which the f ine grained phenomenon 
occurred. At the higher chromium 
levels (>40%) weld cracking was ob
served. Furthermore, although the 
alloys containing chromium in excess 
of 30% were of interest from the 
standpoint of f ine grain size, attempts 
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Fig. 7 — Appearance of dendrites in the crater of a gas tungsten-
arc weld in an aluminum-free 32%Cr, 14%Ni, bal. Fe alloy. X100, 
reduced 15%; unpolished and unetched 
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F/g. S — Appearance of dendrites in the crater of a gas tungsten-
arc weld in a 0.05%AI, 32%Cr, 14%Ni, bal. Fe alloy. X100, re
duced 15%; unpolished and unetched. 

to scale-up heat size were unsuc
cessful due to extreme hardness and 
brittleness which precluded ingot 
preparation prior to hot working. This 
condition was attributed to the slower 
cooling rate of the heavier sections 
and the resultant formation of sigma 
phase. The fine grained effect was 
not observed in alloys w i th chromium 
contents below 20% although a f ine 
grained effect has been reported for 
the nickel-free, 17% c h r o m i u m 
steel.11 

Superplasticity in Fine Grained Welds 

Tensile tests of welded joints 
showed that the coarse grained weld 
metal did not behave superplastically, 
showing only 40 to 60% elongation.9 

Because the 0.03 to 0.06 mm grain 
size in the equiaxed welds was w i th in 
the grain size range known to behave 
superplastically, the possibility of ob
taining similar behavior in welded 
structures was examined. 

Figure 10 shows the appearance of 
an al l-weld-metal tensile coupon 
prior to testing and aluminum-free 
and aluminum-containing coupons 
after testing at 1 700 F at a strain rate 
of 0.05 i n . / i n . / m i n . The tensile cou
pon from the aluminum-containing 
weld pictured, exhibited an extension 
of 173% as compared to the 6 1 % 
exhibited by the normal or coarse 
grained alloy. A wrought microduplex 
alloy of this composition would be ex
pected to show 200 to 600% elonga

t ion under these test conditions.9 

A number of al l-weld-metal tensile 
coupons were prepared and tested 
using a variety of compositions wi th in 
the fine grained region shown pre
viously on the ternary diagram. The 
tensile data revealed that the f ine 
grained behavior was related to not 
only the aluminum but also the nitro
gen content of the weld deposits. The 
aluminum content of these welds 
ranged from 0.01 to 0.20% and the 
nitrogen levels varied from 0.002 to 
0.06%. Figure 11 shows that the 
maximum superplastic elongation 
was obtained at an aluminum-to-
nitrogen ratio of about 1.8 to 1. S im
ilarly, the finest grain size was found 
to correspond to the highest elonga
tion value (Fig. 1 2). 

Process Variation 

Fine grained welds have been pro
duced wi th the common welding pro
cesses using the conditions shown in 
Table 2. Manual and automatic inert 
gas-shielded processes were exam
ined in greatest detail. Fine grained 
welds could be produced wi th cov
ered electrodes by making generous 
aluminum additions to the flux 
covering (compare welds 6 and 7). As 
in the case of conventional weld de
posits,12- 13 energy input was found to 
influence grain size. Lowering the 
energy input led to some reduction in 
grain size and greater elongation in 
elevated temperature tensile tests 

(compare weids 4 and 5 in Table 2). 

Discussion 

Significance of Observations 

Fine grained structures w e r e 
observed in welds made wi th the gas 
tungsten-arc, gas metal-arc, and 
shielded metal-arc welding pro
cesses using normal conditions w i th 
no special controls or equipment. A 
useful f ine grained effect was ob
served in iron-base alloys containing 
about 20 to 35% chromium, and 5 to 
15% nickel. This was principally re
lated to the presence of aluminum 
and nitrogen in certain ratios. The 
fine grain size appeared to be due to 
the spontaneous nucleation of new 
grains which formed during a very 
early stage of solidification since, the 
normal epitaxial growth only proceed
ed a short distance (e.g., about 0.07 
mm) before the solidification mode 
changed to one of fine equiaxed 
grains. 

Mechanism for Formation 

Aluminum nitride, or other nitrides, 
carbides, etc., of appropriate size can 
exist as stable nucleii in liquid 
metal.14 These may act as sites for 
the formation of small, individual den
drites during cooling of weld metal. 
As noted earlier, microprobe exami
nation of f ine grained weld samples 
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Fig. 9 — Compositions of alloys exhibiting fine and coarse grain sizes in welds plotted on a 
section of the Ni-Cr-Fe equilibrium diagram showing phases just below the solidus 

showed that many of the particles 
w i th in the center of the grains were 
high in aluminum content. These par
ticles apparently promote the f ine 
grain effect but do not fully account 
for the observed refinement since it 
occurs over only a l imited range of 
chromium and nickel contents. In 
addition to the presence of these par
ticles, it is felt that several other fac
tors may contribute. 

Reference to the i ron-n icke l -
chromium phase diagram15 shows 
that the difference between solidus 
and liquidus surfaces is about 15 C 
for the alloys of interest. This very 
narrow solidification range would pro
mote rapid freezing and l imit grain 
growth in the weld deposit. Aborn 
and Bain had originally suggested 
that a peritectic reaction was in
volved in alloys of the type studied in 
this investigation.16 Such a reaction 
may provide an additional source of 
grain refinement as indicated by the 
recent work of Delamore and Smith 
on aluminum-ti tanium castings.17 

More importantly though, the general 
shape perceived for such a binary 
iron-nickel diagram at a constant 
chromium level shows that the first l i 
quid to freeze is solute depleted fer
rite and the last liquid to solidify is 

solute enriched and consequently 
austenitic. This is considered impor
tant because the austenitic areas 
serve to block grain growth at the 
welding temperature as wel l as dur
ing reheating by later weld passes. 
The stability of the austenite in the 
welded structure was confirmed by 
heating a weld to 2300 F for 1 hr. No 
grain growth or other structural 

change was found during microstruc
tural examination. 

Due to the presence of a great 
number of nucleation sites in the 
weld pool and the other factors enu
merated above, it appears that solidi
fication from these nucleation sites 
overrides the normal epitaxial growth 
mechanism18 and dominates the 
solidification reaction. The work of 
Matsuda, er al. 19 w i th thin sheet 
lends support to this hypothesis in 
that they found that under certain 
welding conditions, equiaxed grains 
began to prevail over the columnar 
growth form. 

Areas Where Fine Grained Weld 
Structures May be Applied 

Since the welds and base metal 
now both exhibit superplasticity, this 
property might be used to advantage 
in welded articles to increase the uti l
ity of pressure forming or other ele
vated temperature forming processes 
since the weld areas can now be de
formed the same amount as the sur
rounding base metal rather than re
maining rigidly fixed in place. Also, it 
is conceivable that an entirely weld 
fab r i ca ted s t ruc ture could be 
produced, lightly machined to provide 
uniform surfaces, and then formed 
wi th in a mold using a pressure form
ing process. 

Other applications involve such 
areas as the surfacing of low alloy 
steel to provide a corrosion resistant 
surface layer. Such a f ine grained 
structure should provide more corro
sion resistance, greater toughness, 
and better fatigue properties than a 
similarly used coarse grained deposit. 

A f ine grained structure should be 
more resistant to weld cracking than 
a similar coarse grained structure 
since segregated low melt ing point 
impurities wi l l be more widely dis
persed and consequently less effec-

yyy: S 

Fig. 10 — An all-weld-metal tensile specimen is shown at the top of the photograph prior 
to testing. The middle coupon was made with an aluminum-free filler and exhibited 61% 
elongation in the tensile test at 1 700 F. The lower coupon was prepared from a weld made 
with an aluminum-containing filler and exhibited 173% elongation. Full scale, reduced 17% 
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Fig. 11 - Plot showing the relationship between percent elonga
tion in 1700 F tensile tests and the ratio of aluminum to nitrogen 
in all-weld-metal tensile specimens 
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Fig. 12 — Plot showing the relationship between percent elonga
tion in 1700 F tensile test and the grain size of all-weld-metal 
tensile specimens 

tive in forming continuous liquid f i lms 
which are the eventual cause of some 
weld cracks. Similarly, the f ine struc
ture should be more resistant to the 
"duct i l i ty-dip" form of weld cracking 
since large grain size is known to 
have an adverse effect on this phe
nomenon.20 In certain alloys the f iner 
grain size could also reduce suscep
tibility to post-weld heat treatment 
cracking.21 

The fine structure of the alum
inum/ni t rogen conta in ing we lds 
could be advantageously used in parts 
that require a cold forming operation 
after welding. Bend tests have shown 
that the deformed surface of such 
welds are not prone to the columnar-
grain-marked deformation normally 
associated wi th coarse grained weld 
deposits after bending. This benefit 
would help to reduce the f inishing 
costs in articles where cosmetic 
appearance is important. 

Conclusions 

1. Fine grained welds can be at
tained in alloys similar to the 26 % Cr, 
6.5 %Ni stainless steel using conven
tional welding equipment and condi
tions. 

2. The fine grained structure is due 
to the solidification process and not 
to a transformation effect. 

3. The phenomenon occurs over a 
limited range of chromium and nickel 
contents in iron-base alloys and is 
dependent upon the presence of 
aluminum and nitrogen in critical 
ratios. 

4. Welds of the preferred composi
tion exhibited superplastic elongation 
in elevated temperature tensile tests. 
We believe that this represents the 
first demonstration of superplastic be
havior in weld metal. 
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Research—Third Edition" 

By the Pressure Vessel Research Committee 

A suitable group to carry out the research p lanning for PVRC was created 
when the PVRC Program Evaluat ion Committee (now designated the Evalua t ion 
and P lann ing Committee) was formed in 1961. This group was originally charged 
with the responsibility of evaluat ing the research work done by PVRC and 
others, and to prepare a "PVRC Interpretive Report of Pressure Vessel Research" 
to make the results directly useable to the designer and Code-making bodies. Dur
ing the review and evaluation of avai lable information, voids in the s ta te of 
knowledge and the need for further research became apparent . Although these 
items were mentioned in the report, they needed to be organized into a consistent 
plan. Thus, the 18 research topics submitted to PVRC by ASME in 1959 were com
bined with the research problems uncovered by the PVRC Interpretive Report 
and published as the "PVRC Long-Range Plan for Pressure-Vessel Research" in 
WRC Bulletin 116, September 1966. 

The PVRC "long-range p lan" was distributed as widely as possible for review 
and comment. Since then, a number of addit ional problem areas have been sug
gested by the ASME BPVC as well as by other organizat ions and by individuals 
within PVRC. Therefore, to keep the long-range p lan timely and up to date, the 
Evaluation and P lann ing Committee agreed tha t it should be re-issued every 
three years. In accordance with this decision, the Second Edition of the long-
range plan was issued in September 1969, in WRC Bulletin 144, and the Third Edi
tion in September 1972, in WRC Bulletin 176. Some of the problems in the Second 
Edition were dropped and a number of new problems were added in the Third 
Edition. 

The list of "PVRC Research Problems" is comprised of 42 research topics, 
divided into three groups relat ing to the three divisions of PVRC, i.e., Materials , 
Design and Fabrication. Each project is outlined briefly in a project description 
giving the: (a) Title; (b) Sta tement of Problem and Objectives; (c) Current S ta tus ; 
and (d) Action Proposed. 

The price of WRC Bulletin 176 is $3.00 per copy. Orders for single copies should 
be sent to the American Welding Society, 2501 N.W. 7th Street, Miami, Fla. 33125. 
Orders for bulk lots, 10 or more copies, should be sent to the Welding Research 
Council, 345 East 47th Street, New York, N.Y. 10017. 
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