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The rapid cooling rate of the process is an advantage in 
reta in ing the strength properties of h igh-n itrogen a Iloys 
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ABSTRACT. The effectiveness of nitrogen 
as an interstitial strengthening agent has 
led to the development of a new class of 
austenitic stainless steels - -  high-nitro- 
gen alloys defined by their nitrogen con- 
tents (generally >0.4 wt-% N). Unlike 
most alloying elements, nitrogen has a 
very limited solubility in liquid iron- 
based alloys at atmospheric pressure. 
Therefore, high-nitrogen stainless steels 
are produced by high-pressure melting. 
Joining of high-nitrogen stainless steels 
presents unique challenges since the 
nonequilibrium nature of the material re- 
sults in loss of nitrogen from the fusion 
and partially melted zones during weld- 
ing procedures typically utilized for 
stainless steels, such as gas tungsten arc 
welding (GTAW). Loss of nitrogen from 
the molten base metal can result in se- 
vere weld porosity and reduced solid-so- 
lution strengthening. In this study, rapid 
solidification joining of a high-nitrogen 
stainless steel by capacitor discharge 
welding resulted in complete retention of 
the nonequilibrium level of nitrogen in 
the material, which is responsible for the 
alloys's high strength. Joining of the high- 
nitrogen material using optimized weld- 
ing parameters produced virtually poros- 
ity-free welds with joint efficiencies 
greater than 95% and no heat-affected 
zone. Optimization of welding parame- 
ters was aided by the use of a computer- 
based data collection system, which al- 
lows for a systematic analysis of the effect 
of welding parameters on weld proper- 
ties. 
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Introduction 

High-nitrogen stainless steels are be- 
coming an increasingly important new 
class of engineering materials and have 
been the subject of four international 
conferences. I Unlike most alloying ele- 
ments, nitrogen has a very limited solu- 
bility in liquid iron-based alloys. The sol- 
ubility of nitrogen in pure liquid iron at 
atmospheric pressure is only 0.045 wt-% 
(Refs. 1, 2). Any excess nitrogen in the 
liquid metal will simply evolve from the 
melt as a gas. Fortunately, nitrogen solu- 
bility in liquid iron-based alloys can be 
increased through alloy additions like Cr 
and Mn and by increasing the gas pres- 
sure above the melt. A stainless steel can 
be considered to be a high-nitrogen alloy 
if it contains more nitrogen than can be 
retained in the material by processing at 
atmospheric pressure. For most alloys, 
this limit is about 0.4 wt-% nitrogen. 

Nitrogen alloying has several benefi- 
cial effects in austenitic stainless steels: 1 ) 
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nitrogen is a more effective solid-solution 
strengthener than carbon and also en- 
hances grain size (HalI-Petch) strength- 
ening (Refs. 3, 4); 2) nitrogen is a strong 
austenite stabilizer, thereby reducing the 
amount of nickel required for stabiliza- 
tion and reduces the tendency to form 
ferrite or deformation-induced marten- 
site (Ref. 5); 3) nitrogen has greater solid- 
solubility than carbon, thus decreasing 
the tendency for precipitation at a given 
level of strengthening (Ref. 6). Yield and 
tensile strengths of high-nitrogen (>0.4 
wt-% N) materials exceed those of the 
traditional AISI 200 and 300 series stain- 
less steels by 200-300% in the annealed 
condition, without sacrificing toughness 
(Ref. 7). Cold deformation can produce 
further increases in strength resulting in 
materials with yield strengths above 2 
GPa (Ref. 8). Alloying to the levels of ni- 
trogen required to produce these en- 
hanced mechanical properties requires 
material production by melting under 
high N 2 gas overpressures, since the sol- 
ubility of N in liquid iron-based alloys is 
very limited at atmospheric pressure. Re- 
cent advances in processing technolo- 
gies have resulted in the commercial pro- 
duction of high-nitrogen alloys 
containing over 1 wt-% N (Ref. 9). 

Joining of high-nitrogen stainless 
steels presents unique challenges since 
the nonequilibrium nature of the mater- 
ial results in loss of nitrogen from the fu- 
sion and partially melted zones during 
welding procedures typically utilized for 
stainless steels, such as gas tungsten arc 

1. High Nitrogen Steels (HNS 88), Lil le, 
France; HNS 90, Aachen, Germany; (HNS 93) 
Kiev, Ukraine; HNS 95, Kyoto, Japan. 
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Fig. 1 - -  Schematic of  the CDW process: A - -  cathode posit ioned above anode; B - -  arc ignition 
at the welding tip; C -  plasma expulsion; D - -  ejection and condensation o f  plasma into small 
metal particles; E, F - -  CD jo int  after electrode contact. 

welding (GTAW) (Ref. 10). Loss of nitro- 
gen from the molten base metal can re- 
sult in severe weld porosity and reduced 
solid-solution strengthening. Rapid so- 
lidification joining by capacitor dis- 
charge welding (CDW) offers a unique 
opportunity to join these materials with- 
out nitrogen loss or weld porosity, thus 
producing joints with strengths ap- 
proaching that of the base material. The 
rapid solidification nature of the CDW 
process enables nonequilibrium mi- 
crostructures to be maintained in the fu- 
sion zone with the production of a mini- 
mal, or nonexistent, heat-affected zone 
(HAZ). In this study, cylinders (6.35-mm 
diameter) of a high-nitrogen stainless 
steel were welded using CDW. Mechan- 
ical and microstructural evaluation of the 
CD welds was conducted and the results 
compared to autogenous gas tungsten arc 
welds (GTAW) made with the same ma- 
terial. This study illustrates the advan- 

and/or producing nonequilibrium struc- 
tures and its applicability to joining high- 
nitrogen steels. 

The C a p a c i t o r  D ischarge  
W e l d i n g  Process 

Capacitor discharge welding is a rapid 
solidification joining process which pro- 
duces cooling rates as fast as 105-106 K/s 
(Refs. 11-13). The CDW unit at the U.S. 
Bureau of Mines Albany Research Center 
consists of a capacitor bank, a power 
supply for charging the capacitors, and 
the electrodes to be welded. Data acqui- 
sition and automated control is accom- 
plished through connection to a PC- 
based computer via an analog-to-digital 
data converter. Analysis of CDW using 
high-speed photography has shown that 
the entire welding process takes from 1 
to 3 ms (Ref. 14). 

The CDW process is illustrated 
tages of the CDW process in maintaining schematically in Fig. 
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Fig. 2 - -  Electrical resistance and voltage across the jo int  as a function 
o f  discharge time. The voltage and resistance approach zero as the elec- 
trodes make contact. 

bank is fully charged 
and the resistance of 
the circuit is infinite. 
The tip of the cathode 
striking the anode 
causes discharging of 
the capacitor bank, 
initiating the arc (Fig. 
1B). The arc quickly 
spreads across the 
electrode face (Fig. 
1C). As the plasma 
moves away from the 
joint, the super- 
heated vapor cools 
and condenses into 
spherical metal parti- 
cles (Fig. 1D). As the 
electrodes make 
contact (Fig. 1E), the 
resistance and volt- 

age of the circuit decrease and approach 
zero - -  Fig. 2. The layer of liquid metal at 
the electrode interface then solidifies to 
form the joint. The fusion zone in CD 
welds is generally less than 100 IJm thick, 
and the heat affected zone (HAZ) is in 
most cases, undetectable, thereby pre- 
serving the metallurgical properties of the 
base metal (Ref. 14). 

Data, typical of that which can be col- 
lected during the welding process (e.g., 
voltage, current, and resistance vs. time 
plots) are shown in Fig. 2. Acquisition 
and analysis of such data has led not only 
to a greater understanding of the welding 
process itself, but enables rapid adjust- 
rnents of the welding parameters, result- 
ing in increased joint efficiency; all but 
eliminating the trial and error approach 
to optimizing welding parameters. The 
rapid solidification nature of the CDW 
process enables nonequilibrium mi- 
crostructures to be retained. CDW can be 
automated to accommodate high pro- 
duction rates and since welds do not pen- 
etrate through the base metal, parts can 
be welded onto sealed containers. The 
process requires that a precision arc igni- 
tion tip be machined on one of the elec- 
trodes to initiate the welding process. 
Dissimilar metals, composites, or ceram- 
ics can be welded if they are electrically 
conductive. 

The important factors controlling the 
CDW process are welding tip length (L), 
capacitance (c), voltage (v), and elec- 
trode separation (i.e., drop height (H)). 
The total energy input (E) is defined by 
Equation 1. The tip length essentially 
controls the welding time (T w, the time 
between when the cathode tip strikes the 
anode and when the two parts actually 
come in contact), defined by Equation 2, 
where g is the acceleration of gravity. If 
the welding time is considerably longer 
than 2RC (two times the time-constant, 
the product of the resistance and capac- 
itance, with units of time), the molten 
metal on the electrode surfaces can so- 
lidify before joint closure, causing preso- 
lidification and reducing joint strength. 
Too short of a welding time results in 
poor electrode fusion because the ca- 
pacitors cannot completely discharge be- 
fore electrode contact. Insufficient en- 
ergy input can also lead to weld porosity 
caused by extinguishment of the arc be- 
fore it travels across the entire electrode 
surface. This is referred to as incomplete 
fusion. 

E = l c v  2 
2 (1) 

L 
Tw = ~2gH 

(2) 
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E x p e r i m e n t a l  P rocedures  

The composition of the high-nitrogen 
stainless steel employed in this study is 
listed in Table 1. The material, which 
contained 0.69 wt-% nitrogen, was pro- 
duced by pressurized electroslag remelt- 
ing (PESR) as an 8-ton ingot in a full-scale 
commercial facility. The details of the 
PESR method for producing high-nitro- 
gen steels have been described else- 
where (Ref. 9). To ensure that all of the ni- 
trogen present in the material was 
dissolved interstitially, the material was 
solution annealed at 1150°C (2102°F) for 
2 h, followed by water quenching. After 
this annealing treatment, the grain size of 
the material was nominally 70pm. Each 
CD weld was produced using a pair of 
cylindrical electrodes (anode and cath- 
ode) as previously illustrated in Fig. 1. 
The electrodes were 6.35 mm (1/4 in.) in 
diameter and approximately 35 mm (1.4 
in.) in length. An ignition tip (0.635 mm 
long) was machined onto the center of 
each cathode. In preparing the tip, the 
face of the cylinder was machined with a 
4-deg bevel with respect to the cylinder 
axis. The bevel reduces weld porosity by 
ensuring that metal vapor and gas are not 
trapped in the molten weld metal. The 
range of parameters used during the 
CDW experiment are listed in Table 2. 
Total energy inputs (calculated using 
Equation 1 ) between 280 and 850 J were 
generated by varying the voltage and ca- 
pacitance. Tensile testing and metallo- 
graphic analyses were performed on the 
welds as a function of energy input. Mi- 
croprobe analysis of the nitrogen con- 
centration across the weld region in se- 
lected CDW specimens was performed 
on metallographically prepared sections. 
Multiple microprobe analyses within the 
high-nitrogen steel matrix indicated that 
the standard deviation in the microprobe 
measurements was 0.05 wt-% nitrogen. 

For purposes of microstructural com- 
parison to the CD welds, autogenous 
welds were made on plates of the same 
high-nitrogen steel using the GTAW 
process. Two heat inputs, 335 and 402 
kJ/m (8.5 and 10.2 kJ/in.) were used. The 
fusion zone of each weld was subse- 
quently evaluated for retained nitrogen 
and ferrite content. The ferrite content in 
the fusion zone was estimated using a fer- 
rite gauge; the base metal was fully 
austenitic. Comparison of the nitrogen 
concentration in the CD- and GTA- 

welded samples was 
done by removing 
the weld metal and 
performing a bulk 
nitrogen analysis 
using a commercial 
inert gas fusion-type 
analysis unit. 

Results and 
Analysis  
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The high-nitro- 
gen material used in 
this study contained 
much more nitrogen 
than can be retained 
in the liquid metal at 
atmospheric pres- 
sure. This is illus- 
trated in the diagram 
of Fig. 3, which 
shows the nitrogen 
solubility in this alloy as a function of 
pressure. Generally, at nitrogen concen- 
trations below about 1 wt-%, the solubil- 
ity of nitrogen in liquid iron-based alloys 
follows Sievert's Law (the nitrogen solu- 
bility is proportional to the square root of 
the gas pressure). However, as nitrogen 
concentrations increase within the melt 
(i.e., with increasing pressure), nitrogen- 
nitrogen interactions within the molten 
metal cause deviations from Sievert's 
Law (i.e., pressure increases are less ef- 
fective than predicted). For the alloy used 
in this study, a nitrogen overpressure of 
about 10 atmospheres is needed to retain 
0.69 wt-% nitrogen in the molten mater- 
ial at 1600°C (2912°F). Since the nitrogen 
solubility in the material at atmospheric 
pressure is about 0.31 wt-%, melting the 
material at pressures below 10 atmos- 
pheres results in loss of nitrogen. 

Lundin and Qiao (Ref. 10) have al- 
ready shown that autogenous GTA weld- 
ing of high-nitrogen stainless steel results 
in the formation of a "porosity belt" in the 
fusion and partially melted regions of the 
weld. The formation of ferrite in the fu- 
sion zone of the autogenous GTA weld 
was attributed to loss of nitrogen from the 
molten metal during the welding 
process. The formation of significant 
porosity in a critical region of a fusion 
weld, such as in the fusion and partially 
melted zones, has obvious detrimental 
effects on material performance. The for- 
mation of ferrite in the fusion zone could 

Table 1 - -  Composition of High-Nitrogen Austenitic Stainless Steel (wt-%) 

Fe Cr Mn Ni Mo S i C N 

Bal. 19.3 5.2 5.2 2.9 0.86 0.024 0.69 

Nitrogen Pressure (MPa)0.5 

0.5 1 1.5 2 2.5 3 

I I I I I I 

• Alloy 

J I Solubility at 
i ~ I Atm°spheric Prelsur ~ 

, I , I , II , I , I , I L I i I , I , 
1 2 3 4 5 6 7 8 9 10 

Nitrogen Pressure (atm) °5 

Fig. 3 - -  Effect o f  pressure on nitrogen solubi l i ty  in l iqu id  Fe- 19Cr-5Mn- 
5N i -3Mo al loy at 1600°C. 

also be detrimental to material perfor- 
mance in certain applications where the 
nonmagnetic properties of the alloy need 
to be maintained. Loss of nitrogen from 
the fusion zone reduces the overall joint 
integrity since interstitial strengthening 
by nitrogen is the primary strengthening 
mechanism for the alloy. 

In this study, capacitor discharge 
welds made using heat inputs of less than 
700 J typically had tensile strengths that 
were less than 50% of the base metal 
strength. Low heat inputs (i.e., less than 
700 J) were not sufficient to sustain arc 
travel all the way across the electrode 
surfaces and therefore resulted in only 
partial bonding of the two electrodes. 
These lower heat inputs resulted in less 
molten metal on the electrode surfaces, 
which resulted in only partial melting of 
the electrode surfaces. Also, the surfaces 
that had melted tended to solidify prior to 
the parts coming together. These phe- 
nomena are referred to as presolidifica- 
tion. An optical micrograph taken from a 
weld with significant pre-solidification is 
shown in Fig. 4. The total thickness of the 
weld joint shown in Fig. 4 was only about 
25 pm. In this case, the presolidification 
was caused by using too low of an energy 

Table 2 - -  Capacitor Discharge Welding 
Process Parameters for High-Nitrogen 
Austenitic Stainless Steel 

Capacitance 78,000-153,600 pF 

Voltage 70.5-105.2 V 
Energy input 280-850 J 
Drop height 38 mm (1.5 in.) 
Electrode geometry 6.35 mm (0.25 in.) 

Diameter cylinders 
Tip length 0.635 mm (0.025 in.) 
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Fig. 5 - -  ul t imate tensile strengths achieved for high-nitrogen stainless 
steel welds produced by capacitor discharge welding. 

Fig. 4 - -  Optical micrograph of  cross-sectioned CD weld showing 
presolidification caused by insufficient heat input (650 J). Elec- 
trolytically etched using an aqueous solution containing 10% ox- 
alic acid. 

C 

Fig. 6 - -  Scanning electron fractographs of  tensile specimens capacitor discharge welded at heat 
inputs of: A, B - -  650 J; D, E - -  850 J. Optical micrographs of  cross-sectioned welds made using 
heat inputs of: C - -  650 J; D - -  850 J (samples electrolytically etched using an aqueous solution 
containing 10% oxalic acid). 

input (650 J). The low heat input, in con- 
junction with the welding time, allowed 
complete solidification of the molten 
metal in some areas of the weld prior to 
contact of the two electrode surfaces. 

Tensile strengths achieved using heat 
inputs of 650-850 J are shown in Fig. 5. 
For these welds, a constant capacitance 
of 153,600 pf was used and the energy 
input (Equation 1) was changed by ad- 
justing the voltage. The weld strength in- 
creased with increasing energy input up 
to 850 J, where joint efficiencies of over 
95% were obtained. Increasing the en- 
ergy input beyond 850 J resulted in ex- 
cessive expulsion of molten metal from 
the fusion zone, creating "flash" on the 
electrodes, outside of the weld joint. The 
increase in joint strength with increasing 
energy input was simply due to the in- 
creased weld area (decrease in unfused 
regions within the fusion zone) associ- 
ated with higher heat inputs. The total 
heat input into the CD weld joint must be 
high enough to 1 ) cause complete melt- 
ing of the electrode tip, 2) sustain arc 
travel and cause melting across the entire 
electrode surfaces, and 3) melt enough 
material to ensure that the thickness of 
the molten layer on each electrode is 
thick enough so that complete solidifica- 
tion does not occur prior to the parts 
coming together. 

Scanning electron fractographs and 
optical micrographs (Fig. 6) illustrate the 
characteristics of samples welded with 
heat inputs of 650 and 850 J. Samples 
welded at the lower heat inputs (e.g., 650 
J) suffered from two primary, but related, 
problems. First, a lack of sufficient heat 
input resulted in incomplete melting of 
the electrode tip on the cathode, which 
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Fig. 8 - -  Comparison o f  ferrite contents in autogenous welds and base 
alloy. 

tended to keep the parts from completely 
coming together. Secondly, only a por- 
tion of the electrode surfaces were 
melted, thereby limiting the weld area. 
Due to only partial fusion of the two sur- 
faces in low-heat-input welds, low joint 
efficiencies were obtained. These fea- 
tures of the low-energy-input welds can 
be seen in the SEM fractographs of Fig. 
6A and B. The smooth surface features of 
Fig. 6A correlate to the electrode surfaces 
that were not fused at all. These areas of 
the electrode surface were either not 
melted at all or contained such a thin 
layer of liquid metal that presolidification 
prevented any fusion from occurring in 
those areas. Although the fracture mech- 
anism itself was ductile, the areas be- 
tween the fracture ridges shown in Fig. 
6B are not dimples caused by microvoid 
coalescence, but actual voids in the 
weld. Welding with a heat input of 850 J 
resulted in complete tip melt-off and 
melting of the electrode surfaces, and 
high joint efficiencies. The characteris- 
tics of the high-energy welds are illus- 
trated by the micrographs shown in Fig. 
6D, E and F. The ductile nature of the 
high-energy welds, which were virtually 
void-free and had a dimpled-rupture 
fracture appearance, is shown in the SEM 
fractograph of Fig. 6E. 

Due to the rapid solidification nature 
of the CDW process, all of the nitrogen 
present in the material, although melted 
under nonequilibrium conditions, was 
retained in the weld metal. This is illus- 
trated in Fig. 7, which shows the bulk ni- 
trogen concentrations of the CD and GTA 
welds measured by inert carrier gas fu- 
sion. The bead-on-plate welds made 
with the GTA process resulted in nitrogen 
levels that were significantly below the 

level of the base material, but were 
slightly above the equilibrium nitrogen 
concentration of the material at atmos- 
pheric pressure. Microprobe analyses of 
metallographically prepared cross-sec- 
tions of several CD welds correlated with 
the bulk nitrogen analysis shown in Fig. 
7. Therefore, in CD welds, the metal in 
the fusion zone contained the same level 
of nitrogen as the base metal. The reten- 
tion of nitrogen in the weld makes it pos- 
sible to achieve high joint efficiencies 
since every 0.1 wt-% of nitrogen lost re- 
sults in about a 60 MPa decrease in the 
tensile strength of the material. It should 
be remembered, however, that weld 
porosity or incomplete weld fusion, such 
as that observed in welds with low heat 
inputs, is more detrimental to weld 
strength than loss of nitrogen. The loss of 
nitrogen from the GTA 
welds resulted in fer- 
rite formation since 
this alloy relies on its 
high nitrogen concen- 
tration for stabilization 
of the austenite. In 
contrast, the CD welds 
did not contain any 
f e r r i t e -  Fig. 8. 

To illustrate the fact 
that CDW results in 
the production of a 
HAZ-free weldment, 
CD welds were pro- 
duced on the same 
high-nitrogen steel 
after aging at 950°C 
(1742°F) for 3 h. This 
aging treatment re- 
sulted in the grain 
boundary, cellular, 
and transgranular pre- 

cipitation of nitrides (Cr2N). The cellular 
precipitation products comprised about 
40 vol-% of the material. The morphol- 
ogy of the cellular precipitate is essen- 
tially identical to pearlite formed in car- 
bon steels. The resulting weld 
cross-section of the aged material is an 
excellent illustration of the weld charac- 
teristics produced by the CDW process 
(see optical micrograph of Fig. 9). Weld 
solidification nucleates and grows epi- 
taxially from the molten-metal/solid- 
metal interface of each electrode. Solid- 
ification of the weld metal is completed 
when the two solidifying interfaces im- 
pinge on one another at the centerline 
between the two electrodes. The fine 
cells, characteristic of the cellular solidi- 
fication of the weld metal, can be seen in 
the optical micrograph of Fig. 9. The total 

I - -  ~ ' ~ ¢ ~  , ~ , ~  ' ~ "  ~ . ~ ' , ~ ' ~  . . . .  

Fig. 9 - -  Optical micrograph, taken from specimen aged at 950°C for 
3 h prior to CD welding, illustrating the total lack of any heat-affected 
zone produced by the CDW process. Electrolytically etched using an 
aqueous solution containing 10% oxalic acid. 
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lack of any HAZ can also be seen in the 
micrograph by examining the weld/base 
metal interface. The nitrides present in 
the aged material essentially melted off at 
the interface and absolutely no change in 
the microstructure occurred outside of 
the fusion zone. 

Conclusions 

Rapid solidification joining of a high- 
nitrogen stainless steel by CDW resulted 
in complete retention of the nonequil ib- 
rium level of nitrogen in the material, 
which is responsible for the alloys' high 
strength. This study showed that joining 
of high-ni trogen materials using opti- 
mized CDW parameters produces virtu- 
al ly porosity-free welds with joint effi- 
ciencies greater than 95%. Also, no 
detectable HAZ was present in the CD 
welds. Conversely, GTAW of the material 
resulted in significant losses of nitrogen, 
which, based solely on the loss of inter- 
stitial solid-solution strengthening due to 
nitrogen, would reduce obtainable joint 
efficiencies to less than 80%. Optimiza- 
tion of welding parameters was aided by 
the use of a computer-based data collec- 
tion system, which allows for a more sys- 

tematic analysis of the effect of welding 
parameters on weld properties. 
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