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ABSTRACT. The effect on corrosion re- 
sistance and impact toughness of inter- 
metallic phases, formed in the tempera- 
ture range of 675°-1000°C 
(1247°-1832°F), was studied for 22%Cr 
9%Ni 3%Mo 0.15%N-type duplex stain- 
less weld metals. R-phase precipitated 
rapidly below 800°C (1472°F). o-phase 
succesively replaced R-phase at 800°C 
and was the only phase forming at higher 
temperatures. Minor amounts of z-phase 
formed at 800°C and continuous, Cr- and 
Mo-rich, grain boundary films were 
found after aging at 675°C. The decrease 
in impact toughness was most rapid 
around 900°C (1652°F). Deteroriation of 
corrosion resistance took place most 
quickly at 700 ° (1652°F) and 900°C due 
to formation of R- and o-phase, respec- 
tively. Corrosion resistance and tough- 
ness are affected simultaneously above 
800°C; whereas, loss of corrosion resis- 
tance precedes embrittlement at lower 
temperatures. A significant decrease of 
ferrite content or an increase in hardness 
indicates a lowered corrosion resistance 
and embrittlement. However, ferrite con- 
tent or hardness cannot be used to guar- 
antee unaffected properties. Loss of cor- 
rosion resistance or embrittlement of the 
weld metal wil l not occur if recom- 
mended welding procedures are fol- 
lowed. 

Introduction 

Duplex stainless steels have found 
widespread use during recent years 
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owing to their competitive combination 
of properties and price. In particular, the 
combination of high yield strength, good 
toughness and very good corrosion resis- 
tance in the temperature range -50 ° to 
250°C (-58 ° to 482°F) is attracting inter- 
est. Modern duplex stainless steels also 
have a good weldability, similar to that of 
common austenitic grades. A wide, and 
continuously growing, selection of du- 
plex grades is now available ranging 
from low-alloy grades to high-alloy 
super-duplex grades. 

A cause of concern during production 
and use of duplex stainless steels is the 
formation of intermetallic phases at tem- 
peratures above approximately 300°C 
(572°F). This decomposition of the ferrite 
phase will impair both corrosion resis- 
tance and mechanical properties. Pre- 
cipitation in duplex and super-duplex 
stainless steels has been investigated 
rather thoroughly (Refs. 1-7). Below 
500°C (932°F), precipitation reactions 
are slow and long time embrittlement oc- 

KEY WORDS 

Duplex SS 
Weld Metal 
lntermetallic Phases 
SMAW 
Precipitation 
Mechanical Properties 
Corrosion Resistance 
Impact Toughness 
Elevated Temperature 
Microstructure 

curs mainly due to decomposition of fer- 
rite into Fe-rich ~ and Cr-rich ~' (Refs. 2, 
8, 9). Reviews of phases forming in the 
temperature range 600°-1000°C 
(1112°-1832°F) have recently been pub- 
lished (Refs. 4, 10). In this temperature 
range, embrittlement is mainly due to for- 
mation of o-phase, but also other inter- 
metallic phases such as R- and 7~-phase, 
as well as carbides and nitrides, have 
been observed. 

Duplex stainless weld metals, in- 
tended for use without postweld heat 
treatments, are overalloyed in Ni to en- 
sure formation of a sufficient amount of 
austenite. For example, weld metals for 
the most widely used modern duplex 
stainless steel, the 22%Cr 5%Ni 3%Mo 
0.15%N grade (UNS $31803, W.Nr 
1.4462), typically contain 9%Ni. Com- 
pared to the base metal, duplex weld 
metals also have a different ferrite mor- 
phology and are less homogeneous. 
Therefore, the precipitation kinetics of 
duplex base metals cannot directly be 
used to predict the behavior of duplex 
weld metals. 

The aging response of duplex weld 
metals has not been investigated in such 
detail as for duplex base metals. Kotecki 
studied o-phase formation above 
1000°C (Ref. 11) and Van Nassau, et al., 
reports qualitative results for embrittle- 
ment in the temperature range 
700-1000°C (Ref. 12). A detailed study 
of the precipitation behavior of a duplex 
weld metal in the temperature range 
400°-600°C was recently performed by 
Nilsson, etal. (Refs. 13, 14). However, no 
detailed information about precipitation 
in the temperature range 600 ° to 1000°C 
(1112°-1832°F), where most rapid pre- 
cipitation can be expected during weld- 
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Table 1 - -  Chemical Compositions (wl-%) of Weld Metals(a) 

Electrodes C Si Mn 

OK 67.50 0.022 0.86 0.86 
Exp. rutile 0.018 1.00 0.80 
Exp. basic 0.043 0.72 1.61 

(a) The chemical analyses of the weld metals were determined using 

ing was available in the literature. 
In the present investigation, the effect 

on properties of intermetallic phases 
formed in the temperature interval 
675°-1000°C was studied for 22%Cr 
9%Ni 3%Mo 0.15%N-type duplex weld 
metals. The investigation was divided 
into two parts. In the first part, the kinet- 
ics of intermetallic phase formation and 
its dependence on weld metal composi- 
tion and elemental distribution was stud- 
ied (Refs. 15, 16). In the second part, the 
main object was to clarify the effects of 
precipitation on mechanical properties 
and corrosion resistance (Refs. 16, 17). 
One aim was also to investigate if de- 
teroriation of impact toughness and cor- 
rosion resistance can be monitored by 
measuring ferrite content and hardness. 
The results are compared to the behavior 
of duplex base metals and are discussed 
in terms of practical implications on 
welding. 

E x p e r i m e n t a l  

Weld Metals 

Three duplex stainless steel weld met- 
als with a nominal composition of 22.5% 
Cr 9.5%Ni 3%Mo 0.16%N were used as 
experimental materials. The weld metals 
were deposited by covered electrodes for 
shielded metal arc welding (SMAW). 
One of the weld metals was deposited by 
standard Esab OK 67.50 electrodes and 
the other two with experimental elec- 
trodes. The Esab OK 67.50 electrode has 
a rutile type of coating and is intended 
primarily for welding the duplex 22%Cr 
5%Ni 3%Mo 0.15%N steel grade. One 
of the two experimental electrodes (ex- 
perimental rutile) was based on the Esab 
OK 67.50 electrode but designed to give 
a slightly higher alloyed weld metal. 
However, the composition was balanced 
to give the same ferrite content. The sec- 
ond experimental electrode (experimen- 
tal basic) had a basic type of coating. The 
chemical compositions of the weld met- 
als are given in Table 1. 

W e l d i n g  P r o c e d u r e s  

Welds for mechanical testing and cor- 
rosion testing in oxalic acid were de- 
posited by the OK 67.50 electrode. Test 

P S Cr Ni Mo N O 

0.017 0.006 22.32 9.68 2.91 0.17 0.07 
0.021 0.012 23.24 10.30 3.10 0.15 0.09 
0.013 0.011 22.49 9.41 2.84 0.14 0.05 

an optical emission spectrometer, except for C, O and N, where combustion furnaces were used. 

Table 2 - -  Heal Treatments 

Electrode Time 675°C 7 0 0 ° C  800°C 

Electrode Time 
OK 67.50 1 min (~) (~) 
OK 67.50 5 min (~) 
OK 67.50 30 min (~) ~) 
OK 67.50 3 h ~) (~ 
Exp. rutile 30 min (~ 
Exp. rutile 1 h ~) 
Exp. basic 30 min (~) 
Exp. basic 1 h (~ 

900°C 950°C 1000°C 

® 
® 
© ® © 
® 

welds of 330-ram (13-in.) length were 
produced by 3.25-mm (1/8-in.) diameter. 
electrodes in buttered 15-mm (0.6-in.) 
mild steel plates according to ISO 2560. 
A stringer bead technique was used to 
deposit 25 thin weld beads with a rather 
low heat input (0.6 kJ/mm) and a low 
maximum interpass temperature of 
100°C (212°F). This welding procedure 
was chosen in order to produce a homo- 
geneous weld metal consisting mainly of 
regions reheated by subsequent weld 
passes. The intention was to make the 
weld susceptible to further heat treat- 
ments by producing a "worst case" start- 
ing condition with a large fraction of mi- 
crostructure already subjected to one or 
more reheating thermal cycles. 

All weld metal specimens for other 
corrosion tests were prepared from weld 
pads, deposited by the experimental 
electrode types. The weld pads, approx- 
imately 50 x 50 x 100 mm (2 x 2x 4 in.), 
were produced by 3.25-mm diameter. 
electrodes. Around 100 stringer beads 
were deposited on each pad with a max- 
imum interpass temperature of 150°C 
(302°F) and a heat input of approxi- 
mately 0.8 kJ/mm. 

Heat Treatments 

Heat treatments of impact and corro- 
sion test specimens were performed ac- 
cording to Table 2. The 1 - and 5-min heat 
treatments were made in a weld simula- 
tor using rapid resistance heating (= 5 s 
heating up time); whereas, longer heat 
treatments were performed in a labora- 
tory furnace. All heat treatments were fol- 
lowed by rapid quenching in water. 

Microstructural Evaluation 

The ferrite content of the weld metals 
was determined in Ferrite Numbers (FN) 
using a Magne-Gage instrument (Ref. 
18). Overviews of the microstructures 
were obtained by light optical mi- 
croscopy. Etching in Murakami's etchant 
and color etching according to Beraha 
were used to produce contrast between 
the ferrite and the austenite and to reveal 
the presence of precipitates (Ref. 19). 
More detailed studies of the microstruc- 
ture were performed by scanning elec- 
tron microscopy (SEM) combined with 
microanalysis and by transmission elec- 
tron microscopy (TEM). Precipitates were 
identified by electron diffraction and an- 
alytical transmission electron mi- 
croscopy (AEM). In addition, x-ray dif- 
fraction analysis of extracted residue was 
performed in a Guinier-H~gg camera for 
some heat treatments. 

Thin foils for transmission electron 
microscopy were prepared electrochem- 
ically from cross-sections of the weld 
metals using 15% perchloric acid in 
methanol. The foils were examined in a 
Philips EM 300 TEM and in a JEOL 
2000FX ATEM equipped with a LINK AN 
10 000 unit for energy dispersive x-ray 
analysis (EDX). Carbon replicas for 
chemical analysis of extracted particles 
by AEM were prepared by etching in 12.5 
g CuCI 2 dissolved in 50 mL ethanol and 
30 mL hydrochloric acid. This etchant 
was also used to prepare polished sur- 
faces for SEM studies. At least five parti- 
cles were analyzed by AEM for each type 
of particle and heat treatment. 

The volume fractions of precipitates 
in the OK 67.50 weld metal were esti- 
mated by a combination of image analy- 
sis of SEM images, from the decrease in 
ferrite content and from information from 
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Fig. l - -  
Microstructure of  

duplex weld 
metal in as- 

welded 
condition. AIIotri- 

omorphic grain 
boundary 

austenite and 
Widmanst~tten 
type austenite 

(white) are seen 
in the colored 
ferrite. 250X. 

optical and TEM micrographs. Rough es- 
timates of precipitate volume fractions in 
the experimental weld metals were ob- 
tained by comparing with micrographs 
from the OK 67.50 weld metal. 

Mapping of the elemental distribution 
of carbon and nitrogen was made using 
secondary ion mass spectroscopy (SIMS). 
In preparation for SIMS analysis, the sur- 
faces were mechanically polished and 
carefully cleaned. The analyses were 
performed in a Cameca IMS 3F/4F in- 
strument using Cs+ as primary ions and 
the negatively charged secondary ions 
emitted from the surface to obtain mass 
resolved ion images. 

Mechanical Testing 

The impact toughness was deter- 
mined for standard Charpy V-notch im- 
pact specimens (10 x 10 x 55 mm/0.4 x 
0.4 x 2.2 in.) with the notch located atthe 
center of the weld metal. Three speci- 
mens were tested at room temperature 
for each heat treatment. Hardness testing 
was performed using the Vickers method 
with a 10-kg load. 

Corrosion Testing 

Fractured impact test specimens were 
corrosion tested by electrochemical 

etching in oxalic acid. The specimens 
were embedded in epoxy, exposing only 
the fracture surface. The fracture surfaces 
were ground flat removing enough mate- 
rial to avoid any effect of deformation 
from impact testing. Etching was per- 
formed in 10% oxalic acid at room tem- 
perature, with a current of 1 A/cm2 (6.5 
A/in.2 ) and an etching time of 30 s. The 
resulting etched structures were then 
evaluated by light optical microscopy. 

The resistance to intergranular corro- 
sion of the weld metals deposited with 
the experimental electrodes was evalu- 
ated using the Streicher test (ASTM A262 
practice B) and the Huey test (ASTM 
A262 practice C) (Ref. 20). Two speci- 
mens in each of the following conditions 
were tested: as-welded, heat treated 1 h 
at 675°C (1247°F) or 30 min at 800°C. All 
surfaces were wet ground using 120-grit 
SiC-paper before testing. 

Results 

Microstructure 

All three weld metals had a typical du- 
plex weld metal microstructure in the as- 
welded condition. The structure con- 
sisted of primary ferrite grains with 
allotriomorphic austenite precipitated on 
the grain boundaries, and with austenite 
growing in a Widmanst~itten manner 
from the grain boundary austenite into 
the ferrite grains - -  Fig. 1. 

The only inclusions present after 

Fig. 2 - -  Light optical micrographs showing the microstructure of  the OK 67.50 weld metal after 1 or 30 min aging at 700 °, 800 ° or 900°C. Austen- 
ite is white, ferrite is gray and precipitates are dark. Small precipitates are visible in the ferrite and at ferrite/austenite phase boundaries after 30 min 
aging at 700 ° or 800°C. Larger precipitates are present after heat trreatment at 900°C and after 30 min aging at 800°C. 
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Fig. 3 - -  Bri~ht f ield TEM image and (101) diffraction 
pattern from c-phase particles formed in the OK 67.50 
weld metal during 3 h aging at 900°C. 

Fig. 4 - -  (~-phase (dark phase) network found in the OK 67.50 weld 
metal after 3 h aging at 800°C. Bright f ield TEM micrograph. 

welding were microslag particles, likely 
very stable complex oxides and silicates, 
wh ich  always form dur ing welding.  
However, other precipitates formed in 
the ferrite and at ferrite/austenite phase 
boundaries during heat treatment. Basi- 
cal ly two morphologies of precipitates 
appeared. Small precipitates dominated 
after aging at 675 ° or 700°C and oc- 
curred frequently up to 30 min aging at 
800°C. Larger precipitates, that replaced 
the ferrite after long aging times, were in 
the majority after 3 h aging at 800°C and 
the only type seen after heat treatment at 
and above 900°C - -  Fig. 2. Some large 
precipitates were also found after 3 h 
heat treatment at 700°C. The general pre- 
cipi tat ion behavior was similar for all 
three weld metals. However, precipita- 
tion was less extensive in the experimen- 
tal basic weld metal than in the other two 
weld metals, in particular after aging at 
800°C (Ref. 15). 

Precipitates 

Three different intermetall ic phases 
were identified in the heat treated weld 
metals: tetragonal ~-phase (a = 0.879 
nm, c = 0.454 nm (Ref. 21 )), rhombohe- 

Fig. 5 - -  Bright f ield TEM image and (1010) 
diffraction pattern from large R-phase particles 
in the OK 67.50 weld metal aged 30 min at 
BO0°C. 

dral R-phase (a = 1.090 nm, c = 1.934 nm 
(Ref. 22)), and cubic ;(-phase (a = 0.892 
nm (Ref. 23)). All three types formed in 
the ferrite or at ferrite/austenite phase 
boundaries. A few precipitates identified 
as cubic M23C 6 carbides were also found 
in the experimental weld metals after 
aging at 675°C. However, no nitrides 
were identified, neither by TEM nor by x- 
ray dif fract ion analysis on extracted 
residue. 

(~-Phase 

~-phase was the intermetallic phase 
occurring most frequently in largest vol- 
ume fractions and the only type found at 
all heat treatment temperatures. It formed 
rather large, elongated particles in the 
ferrite, giving an even contrast in TEM - -  
Fig. 3. After long aging times, the ferrite 
was replaced almost completely by o- 
phase, forming an almost cont inuous 
network - -  Fig. 4. Since the larger parti- 
cles seen in optical micrographs for the 
700°-900°C heat treatments mainly are 

(~-phase, it was assumed that the precip- 
itates formed at 950 ° and 1000°C were 
also (~-phase. 

R-Phase 

R-phase was found after heat treat- 
ment at 675 ° , 700 ° or 800°C. The R- 
phase particles had a characteristic irreg- 
ular shape and uneven, usually speckled 
contrast in TEM (Fig. 5). R-phase precip- 
itated mainly at ferrite/austenite phase 
boundaries, but also to some extent in- 
side the ferrite grains - -  Fig. 6. Most of 
the R-phase appeared as small particles 
(=0.01-0.1 pm), but also larger R-phase 
particles were found in the OK 67.50 
weld metal after aging for 3 h at 700°C or 
for 30 min at 800°C - -  Fig. 5. R-phase 
was the dominating phase after aging for 
3 h at 700°C and approximately the same 
volume fractions of R- and ~-phase were 
found after 5 or 30 min aging at 800°C. 
However, (~-phase had largely replaced 
R-phase after 3 h at 800°C - -  Fig. 7. A 
comparison between light optical and 

Fig. 6 - -  Bright and dark field TEM images showing R-phase particles in ferrite and at ferrite/austen- 
ite boundaries in the rutile experimental weld metal aged for 1 h at 675°C. 
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Fig. 7 -  TEM micrograph of precipitates in 
the OK 67.50 weld metal aged for 3 h at 
800°C. Large o-phase particles have replaced 
ferrite and small R-phase remain in austenite 
at previous position of  ferrite/austenite bound- 
ary. 

TEM micrographs shows that the major- 
ity of small precipitates seen in optical 
micrographs are R-phase. 

z-Phase 

z-phase precipitates having a 
rounded, often rectangular shape, were 
found in the basic experimental weld 
metal aged for 30 min at 800°C - -  Fig. 8. 
Small amounts of x-phase were also 
found in the OK 67.50 weld metal spec- 
imens heat treated at 800°C for 5 min. 
The typical size of the precipitates was 
the same (= 0.5 IJm) for both heat treat- 
ments. No x-phase was identified after 
heat treatment at any other temperature. 

Comparison between Weld Metals 

The results of the TEM investigations 
for the OK 67.50 Weld Metal are sum- 
marized in Table 3. o-phase was the only 
phase found at all heat treatment tem- 
peratures, R-phase occurred up to 800°C 
and x-phase was occasionally found 

Fig. 8 - -  Bright field 
TEM image of 

z-phase particle in 
experimental basic 

weld metal aged 
for 30 min 
at 800°C. 

after aging at 800°C. 
The same intermetallic phases were 

identified in the experimental weld met- 
als as in the OK 67.50 weld metal. How- 
ever, a few M23C 6 carbides were also 
found after aging at 675°C. The precipi- 
tates present in largest volume fractions 
in both experimental weld metals were 
R-phase after aging at 675°C and R- and 
c-phase after aging at 800°C. Traces of o- 
phase were found after the 675°C heat 
treatment, x-phase was only identified in 
the basic experimental weld metal after 
aging at 800°C. The main difference be- 
tween the two experimental weld metals 
was the more extensive precipitation of 
intermetaHic phases in the rutile weld 
metal, in particular after aging at 800°C. 
The number of carbides seemed to be 
slightly higher in the basic weld metal. It 
should be made clear, though, that the 
carbides occurred very sparsely and 
could be found only when larger regions 
were scanned using the carbon replica 
technique. 

Grain Boundary Films 

An interesting and unexpected feature 
was the presence of thin films on several 
ferrite/austenite boundaries. The films 
were found in the experimental weld 
metals heat treated at 675°C. They ap- 
peared to be continuous and gave a 
speckled contrast in TEM - -  Figs. 9, 10. 
Larger grain boundary precipitates were 
sometimes present in the f i lms--  Fig. 10. 
The films were too thin to obtain useful 
structural information from electron dif- 
fraction. 

Volume Fractions of Precipitates 

The phase present in largest volume 
fractions in the OK 67.50 weld metal is 
clearly o-phase at temperatures above 
800°C. R-phase is the dominating pre- 
cipitate type for short aging times below 
800°C. However, R-phase is succesively 
replaced by o-phase after longer aging 
times The results are summarized in a 

Fig. 9 - -  Grain boundary films formed at many ferrite/austenite boundaries at 675°C. Bright and dark field TEM images of the basic 
experimental weld metal aged for 1 h at 675°C. 
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TTT-diagram for R- and o-phase in Fig. 
11. 

An estimate of precipitate volume 
fractions in the experimental rutile weld 
metal gives a good agreement with the 
TTT-diagram - -  Fig. 11. However, the 
TTT-diagram clearly overestimates the 
volume fractions for the basic weld metal 
although the general precipitation be- 
havior is the same. 

Chemical Composition of Precipitates 

A summary of the results from AEM 
analysis of precipitates and grain bound- 
ary films extracted on carbon replicas 
and from SEM-EDX analysis is given in 
Table 4 (see also Ref. 16). The o-phase 
was rich in Cr but only slightly enriched 
in Mo; whereas, R-phase had a high Mo- 
content and a Cr-content similar to the 
average weld metal composition. X- 
phase had an intermediate composition 
compared to R- and o-phase. 

The o-phase in the experimental weld 
metals, analyzed by SEM-EDX, had a 
higher Fe- and Ni-content and a lower 
Mo- and Cr-content than o-phase in the 
OK 67.50 weld metal. However, some 
influence of the surrounding matrix dur- 
ing SEM-EDX analysis cannot be ruled 
out due to the small precipitate size. 
Therefore, no conclusion can be made 
with regard to the differences in compo- 
sition of o-phase for the three weld met- 
als. 

Three things can be noted regarding 
R-phase. Firstly, smaller R-phase parti- 
cles are significantly richer in Mo and 
contain less Cr than large R-phase parti- 
cles, for comparable aging temperatures. 
Secondly, the Cr content of small R- 
phase particles decreases; whereas, the 
Mo-content appears to increase with in- 
creasing aging temperature. Thirdly, the 
Cr-content of small R-phase particles 
seems to decrease with longer aging 
times. 

The small thickness of the grain bound- 
ary films, extracted from the experimental 
basic weld metal heat treated at 675°C, 
and the presence of particles in the films 
made it difficult to determine the compo- 
sition with great accuracy. It is clear, 
though, that the film is rich in Cr and Mo 
and poor in Ni. The composition was sim- 
ilar to that of the small R-phase particles in 
the same specimen - -  Table 4. 

Elemental  Distr ibut ion 

Metallic Elements 

The compositions of ferrite and 
austenite were compared for the experi- 
mental weld metals in the as welded con- 
dition by SEM-EDX studies. The well- 

Fig. 1 0 - -  Bright and 
dark field TEM images 
showing precipitates and 
speckled contrast of  
film at a ferrite/austenite 
phase boundary. Basic 
experimental weld 
metal aged for 1 h at 
675°C. 

Table 3 - -  Precipitate Types and Typical Sizes for the OK 67.50 Weld Metal 

a-phase R-phase 
Heat treatment Found ? Size (~zm) Found? Size (#m) 

700°C/3 h ~) 0.1 X 0.4 (~) 0.01-0.1 
Q ~0.5 

800°C/5 min (~) 0.4 x 1.5 ~) 0.05-0.3 
800°C/30 min ~) 0.6 x 1.5 (~) 0.08-0.3 

(D ~0.5 
800°C/3 h (~) 1.0 X 2.5 ~) 0.05 
900°C/1 min (~) 0.4 X 1.0 
900°C/5 min C) 0.6 X 1.5 
900°C/30 min (~) 1.0 x 2.5 
900°C/3 h ~) 2.0 x 5.0 

x-phase 
Found? Size (pm) 

~) 0.1-0.3 

known enrichment of elements such as 
Cr and Mo to the ferrite and of Ni to the 
austenite was clear for both weld metals 
- -  Fig. 12. However, the difference in 
composition between the ferrite and 
austenite was larger for the rutile than for 
the basic weld metal --Table 5. In par- 
ticular, the enrichment of Cr and Mo to 
the ferrite was larger for the rutile exper- 
imental weld metal. 

C and N 

Secondary ion mass spectroscopy 
(SIMS) was used to map the elemental 
distribution in the experimental weld 
metals in the as-welded condition and 
after heat treatment for 1 h at 675°C. The 
lateral resolution of the instrument used 
is on the order of 1 Hm, which is sufficient 
to differentiate between ferrite and 
austenite in duplex weld metals but does 
not permit individual small precipitates 
to be resolved. However, it is neverthe- 
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Fig. 11 - -  TTT-diagram for R- and a-phase pre- 
cipitation in 22Cr-9Ni-3Mo-O. 15N type du- 
plex weld metal. 

less often possible to reveal the presence 
of small precipitates, for example car- 
bides or nitrides, from variations in in- 
tensity in SIMS images. 

The distribution of C and N was very 
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Fig. 12 - -  Concentration maps and corresponding SEM micrograph showing the elemental distribution in the OK 67.50 weld metal in as-welded 
condition. Cr and Mo is enriched to the ferrite (a) and Ni  to the austenite (g). Red corresponds to the highest concentration, and blue to the lowest. 

Table 4 - -  Average (a) Chemical Composition of Precipitates in Heat Treated Weld Metals 

Fe Cr Ni Mo Si 

OK 67.50 
o-phase 800°C/3 h 54.0 34.3 4.1 6.5 1.2 
o-phase 900 ° C/30 min 55.1 34.8 4.0 5.1 0.9 
Small R-phase 700°C/3 h 36.0 21.6 3.5 35.5 3.4 
Small R-phase 800°C/5 rain 33.2 19.8 3.3 39.2 4.5 
Small R-phase 800°C/3 h 37.6 16.4 3.2 38.6 4.1 
Large R-phase 700°C/3 h 42.7 26.3 3.7 24.9 2.4 
Large R-phase 800°C/30 min 43.4 24.6 3.6 25.8 2.7 
x--phase 800°C/5 min 49.3 27.8 3.4 17.8 1.6 

Exp. rutile 
0-phase (b) 800°C/30 min 59.8 26.3 6.6 5.3 1.2 

Exp. basic 
o-phase (b) 800°C/30 min 61.5 25.2 6.1 4.3 1.2 
Small R-phase 675°C/I h 33.6 30.0 4.8 27.4 3.0 
G.b. film 675°C/I h 25.9 33.0 3.1 32.7 3.1 

(a) The composition is given in wt-% as the mean value for five particles for the OK 67.50 weld metal and for three particles for the experimental weld metals. 
(b) SEM-EDX analysis. 

Table 5 -  Difference in Chemical 
Composition between Ferrite and Austenile 
(Cferrite-Caustenit e (~ ' t -%) )  for the Experimental 
Weld Metals 

Cr Ni Mo 

Experimental rutile +2.2 -2.4 +1.1 
Experimental basic +0.7 - 1.4 +0.4 

similar for the two experimental weld 
metals in both the as-welded condit ion 
and after 1 h heat treatment at 675°C. Vir- 
tually all C and N appeared to be located 
within the austenite whereas the signal 
from the ferrite was very weak - -  Fig. 1 3. 
Furthermore, the intensity within indi- 
vidual grains was even and no indica- 
tions of carbide or nitride precipitation 
could be found, neither inside ferrite or 
austenite grains nor at ferrite/austenite 
phase boundaries. 

Ferrite Content, Hardness 
and Impact Toughness 

The ferrite content, the hardness and 
the room-temperature impact toughness 
before and after aging are given in Table 
6. The scatter in impact toughness and 
ferrite content for each heat treatment 
was small, typically +2 J and +2 FN, re- 
spectively. However, the variat ion in 
hardness was somewhat larger, typically 
+ 10 HVH,. 

The ferrite content of the experimen- 
tal weld metals was slightly higher than 
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for the OK 67.50 weld metal in the as- 
welded condi t ion.  However, the de- 
crease in ferrite content after aging was 
similar for all three weld metals. The fer- 
rite content decreased with longer heat 
treatment times at all temperatures. A sig- 
nificant change of the ferrite content was 
found within 1 min of aging at 900°C of 
the OK 67.50 weld metal; whereas, a 
clear decrease could not be seen until 
after 3 h at 700°C. 

The hardness increased with longer 
aging times and the highest hardness val- 
ues were measured after 3 h at 800 ° and 
900°C. Also, at 700°C a clear increase in 
hardness was found after all heat treat- 
ments. However, for this temperature 
there seemed to be no further increase in 
hardness after the init ial  hardness in- 
crease. 

The changes in impact toughness 
were most pronounced for long aging 
times. For example, after 3 h at 800°C, 
after 30 mins or 3 h at 900°C, and after 
30 min at 950°C, all specimens were 
clearly brittle and the impact toughness 
had decreased to below 4 J. However, the 
decrease was much more rapid at higher 
temperatures. At 700°C embritt lement 
could not be seen unti l  after 3 h; 
whereas, a decrease was seen already 
after 5 min at 800 ° and 900°C. At 950°C 
the behavior seems to be similar to that 
at 900°C; whereas, at 1000°C the impact 
toughness after 30 rain is close to that 
after 30 min at 800°C. It can also be 
noted that the impact toughness actually 
increased, compared to the as-welded 
condition, for aging times up to 30 min at 
700°C and for 1 min aging at 800°C. 

Corrosion Testing 

Oxalic Acid Etching Test 

The dissolution rate in oxalic acid was 
high for the precipitates compared to that 
of austenite and ferrite - -  Fig. 14. This 
rapid etching of precipitates produced a 
very distinct contrast in light optical mi- 
crographs. Two types of etch structures 
could be seen in the heat treated weld 
metals. Small, spot-like localized attacks 
were taken as indications of the presence 
of individual small precipitates and larger 
continuous regions (Fig. 14), suggesting 
the presence of larger precipitates. 

Oxal ic acid etch structures of the OK 
67.50 weld metal in the as-welded con- 
dition and after the 1 and 30 min heat 
treatments are shown in Figs. 15 and 16. 
Small precipitates in the ferrite and at fer- 
rite/austenite phase boundaries appear in 
some regions already after 1 min aging at 
700 ° or 800°C. The number of precipi- 
tates is very small after 1 rain aging at 
800°C but is significant after the 1-min 

Fig. 13 - -  SIMS images showing the elemental distribution in the experimental weld metals heat 
treated for 1 h at 675°C. The very weak signal from the ferrite shows that virtually all C and N is 
present in the austenite. A - -  C ditribution in the basic experiemental weld metal; B - -  C+N dis- 
tribution in the rutile experiemental weld metal. 

Fig. 1 4 -  SEM 
micrograph 
illustrating the 
different dissolution 
rates of  austenite 
(7), ferrite (c~) and 
intermetallic phases 
during oxalic acid 
etching, cy-phase is 
most heavily etched, 
whereas, austenite 
is only l ightly etched. 

Fig. 15 - -  Light opti- 
cal micrograph of  
the OK 67.50 weld 
metal in as-welded 
condition. The fer- 
rite (o~) was etched 
more heavily in ox- 
al ic acid than the 
austenite (% No in- 
dications of  precipi- 
tation can be found, 
but etching at mir- 
coslag inclusions is 
seen as evenly 
distributed darker 
spots. 

heat treatment at 700°C. Small precipi- 
tates are frequent after longer times at 
700°C and up to 30 min aging at 800°C. 
Larger precipitates are the only type after 
heat treatment at 900°C and are the main 
type after 3 h aging at 800°C. Large pre- 
cipitates also appear after 3 h at 700°C 
and after 5 or 30 min at 800°C. The fer- 
rite is almost completely replaced by 
rapidly etching precipitates after 3 h 
aging at 800 ° or 900°C. 

Streicher and Huey Test 

The corrosion rate in the Streicher and 
Huey tests was higher for the rutile than 
for the basic experimental weld metal - -  
Table 7. A small difference in corrosion 
rate was found already in the as-welded 
condition. This difference was accentu- 
ated after heat treatments at 675 ° or 
800°C, giving a corrosion rate of the ru- 
tile weld metal almost three times that of 
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Fig. 16 - -  Light optical micrographs showing the microstructure of  the heat treated OK 67.50 weld metal after oxalic acid etching. Precipitates are 
etched preferentially and give a dark contrast. Small precipitates appear already after aging for 1 rain at 700 ° or 800°C and are frequent after 30 rain 
aging. Only larger precipitates are found after heat treatment at 900°C. Large precipitates appear also after 30 min aging at 800°C (cf. Fig. 2). 

Table 6 - -  Fertile Content, Room-Temperature Impact Toughness and Hardness 

Heat treatment Ferrite content (FN) Impact toughness (J) Hardness (HVl0) 

OK 67.50 
As-welded 30 50 256 
700°C/1 min 28 63 272 
700°C/30 min 29 59 278 
700°C/3 h 16 8 272 
800°C/1 min 26 66 272 
800°C/5 min 24 25 274 
800°C/30 min 17 11 292 
800°C/3 h 1 2 322 
900°C/1 min 24 51 258 
900°C/5 min 21 18 262 
900°C/30 min 11 4 295 
900°C/3 h 1 3 311 
950°C/30 min 7 3 294 

1000°C/30 min 20 12 261 
Exp. rutile 
As-welded 35 -- -- 
675°C/1 h 29 -- -- 
800°C/30 min 22 -- -- 

Exp. basic 
As-welded 33 112 -- 
675°C/1 h 28 -- -- 
800°C/30 min 14 -- -- 

the basic weld metal. 
Both the absolute corrosion rates and 

the increase after heat treatment was 
higher in the Huey test than in the Stre- 
icher test. No attempt was made to per- 
form Huey testing on the specimens heat 
treated at 800°C due to the very high cor- 
rosion rates found after heat treatment at 
675°C. 

Discussion 

Precipitation Reactions 

Three different intermetall ic phases 
and M23C6-carbides were identified. A 
previously not reported feature in 22%Cr 
duplex weld metals is the formation of 
grain boundary films. R- and a-phase 

were the most frequently occurring pre- 
cipitates; whereas, z-phase was found 
only for one aging temperature. Other 
secondary phases ('c-phase, Cu-particles, 
M7C3,/~- phase, Cr2N and CrN) have ear- 
lier been identified in duplex stainless 
base metals and weld metals (Refs. 4, 10). 
However, none of these were detected, 
neither by TEM nor by x-ray diffraction. 
Some of these phases (M7C 3, Cr2N and 
CrN) might have been present although 
in too small volume fractions to be de- 
tected. The low Cu content (<0.1%) 
makes it unlikely that Cu-particles would 
precipitate and ~'- and g- phases have 
only been reported for aging at 600°C or 
below. R- and G-phase were clearly the 
on ly  two phases present in suff icient 
quantities to be of practical importance 
for mechanical properties and those most 
influencing the corrosion resistance. 

I n t e r m e t a l l i c  Phases 

The measured compositions of (~- and 
;(-phase (Table 4) are in good agreement 
with those reported in literature (Reg. 3, 6, 
13 and 24). The situation is more complex 
for R-phase. This intermetallic phase has 
earlier been found in duplex weld metals 
and duplex and super-duplex stainless 
base metals aged between 550 ° and 
700°C (Refs. 2, 4, 5, 7, 10, 13, 16). In a 
22%Cr duplex weld metal, R-phase with 
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a composition of 24%Fe 25%Cr 5%Ni 
40%Mo 5%Si formed at grain boundaries; 
whereas, R-phase that formed intragranu- 
larly contained 32%Fe 25%Cr 5%Ni 
34%Mo 4%Si (Refs. 13, 14). 

The Mo-content of the small R-phase 
particles (Table 4) found after aging at 
675 °, 700 ° or 800°C increased with in- 
creasing temperature (27, 36 and 39 %, 
respectively); whereas, the Cr-content 
decreased (30, 22 and 16-20%, respec- 
tively). The Cr-content also decreased 
with longer aging times. The composi- 
tions fall in the same range as those re- 
ported for the intra- and intergranular R- 
phase formed at 600°C, although they 
differ in details (Refs. 13, 14). However, 
in the present study, the composition of 
R-phase did not vary for a given heat 
treatment condition. This could be taken 
as an indication that the location of pre- 
cipitation is of less importance for the 
composition at higher temperatures. The 
differences in composition are probably 
connected to the change in the ferrite 
composition induced by the formation of 
Cr-rich (~-phase. Furthermore, R-phase 
nucleated and grew quickly but was re- 
placed by c~-phase after longer aging 
times. Obviously o-phase is the more sta- 
ble phase after long aging times (Ref. 10). 

The situation for R-phase is further 
complicated by the presence of larger R- 
phase particles with a higher Cr and a 
lower Mo content. Large R-phase parti- 
cles were found after aging at 700°C for 
3 h or at 800°C for 30 min. These are the 
two heat treatments at which the largest 
volume fractions of R-phase had formed 
and substantial amounts of (~-phase were 
present. It is possible that the larger R- 
phase is favored by the change in ferrite 
composition induced by (~-phase precip- 
itation. However, this needs to be veri- 
fied by further investigation. It is clear, 
though, that the composition of R-phase 
can vary considerably depending on for- 
mation temperature, size, ferrite compo- 
sition and location of precipitation. 

The rate of precipitation was signifi- 
cantly lower in the basic experimental 
weld metal than in the other two weld 
metals. As seen in Table 5, the partition- 
ing of elements between ferrite and 
austenite was smaller for the basic than 
for the rutile weld metal, but the ferrite 
levels were similar (Table 6). Therefore, 
the differences in precipitation rates can 
be explained by differences in alloying 
content of the ferrite (Ref. 15). 

Gra in  Boundary  Fi lms 

An unexpected finding was the pres- 
ence of seemingly continous films, with 
a composition (Table 5) close to that of R- 
phase, on many ferrite/austenite bound- 

aries in the experimental weld metals 
heat treated at 675°C. Little information 
exists in the literature about grain bound- 
ary films in duplex base metals or weld 
metals (Ref. 9). However, very thin, prob- 
ably icosahedral, intermetallic (26%Fe 
30%Cr 37%Mo 3.5%Si) films have been 
found upon aging of a 20%Cr 10%Ni 
2.6%Mo duplex base metal at 400 ° or 
550°C (Ref. 25). "Laminate-shaped" 
grain boundary precipitates have been 
reported to form in 18%Cr 5%Ni 3%Mo 
duplex stainless base metals during aging 
in the temperature range 450°-750°C 
(Ref. 26). These precipitates formed most 
rapidly at 600°C and had a composition 
corresponding to Fe3Cr3Mo2Si 2 (29%Fe 
27%Cr 34%Mo 10%Si). No attempt was 
made to identify their structure. Another 
candidate that cannot be ruled out from 
the composition is x-nitride. However, 
the absence of N-enrichment at grain 
boundaries, evidenced by SIMS studies 
(Fig. 13), and the absence of separate x- 
phase precipitates makes this phase less 
likely. 

With the presently available informa- 
tion, it is not possible to identify the grain 
boundary films. Furthermore, it is not 
known whether this film is stable for 
longer aging times. However, it seems 
that grain boundary films are most likely 
to form at temperatures below 700°C for 
longer aging times. Therefore, the impor- 
tance of the grain boundary films in con- 
nection with welding is probably small in 
comparison with that of other precipi- 
tates. 

Carbides and Nitrides 

Apart from intermetallic phases, car- 
bides and nitrides have also been identi- 
fied in duplex stainless base metals and 
weld metals (Refs. 4, 6, 27). Only a few 
M23C 6 carbides and no nitrides were 
found by TEM, x-ray diffraction and 
SIMS. The carbides were mainly found in 
the experimental basic weld metal which 
has a higher C-content than the other two 
weld metals. 

x-phase nitride was the only type of 
carbide or nitride present in sufficient 
quantities to be detected by TEM after 24- 
h aging of a 22%Cr 8%Ni 3%Mo weld 
metal at 600°C (Ref. 13). A complemen- 
tary x-ray diffraction study of extracted 
residue showed that also minor amounts 
of M23C 6 carbides and Cr2N nitrides 
were present. However, Nilsson, et al. 
(Ref. 13), concluded that the volume 
fractions of these phases were extremely 
small and of no practical importance. 
Contrarily, in a recent study on 22%Cr 
duplex stainless base metals with C-con- 
tents similar to those of the OK 67.50 and 
the rutile experimental weld metal, AEM 

Table 7 m Corrosion Rate in Streicher and 
Huey Tests (mm/year) 

Condition 

Streicher test 
Experimental 

rutile 
Experimental 

basic 

As- 675°C/ 800°C/ 
welded 1 h 30 min 

0.27 2.1 6.1 

0.24 0.8 2.6 

Huey test 
Experimental 0.45 15 

rutile 
Experimental 0.30 5.6 

basic 

B 

showed that M23C 6 carbides and Cr2N 
nitrides were present in detectable 
amounts already after 1-3 min (Ref. 6). 
Cr2N formed most quickly around 850°C 
and M23C6 most quickly around 800°C. 

There seems to be a significant differ- 
ence between the importance of M23C 6 
or Cr2N precipitation in duplex stainless 
base metals and weld metals for similar 
C- and N-contents. This difference can 
most probably be explained by the lower 
ferrite content of the weld metal, result- 
ing in a lower C and N concentration in 
the austenite, and the weld metal ferrite 
morphology with a large fraction of pla- 
nar, coherent phase boundaries being 
less effective nucleation sites for precipi- 
tation. In conclusion, carbide and nitride 
precipitation appear to be insignificant 
compared to precipitation of intermetal- 
lic phases in duplex weld metals. 

M e c h a n i c a l  Propert ies  

Even though (~-phase formed large 
precipitates and increased the hardness 
significantly; whereas, R-phase formed 
smaller precipitates and affected hard- 
ness less, the effect on impact toughness 
was similar for both phases. The impact 
toughness dropped drastically when 3-5 
vol-% of intermetallic phases had formed 
- -  Table 6. A similar effect on impact 
toughness has also been reported for the 
duplex steel SAF 2205 where the pres- 
ence of approximately 4 vol-% (~-phase 
decreased the toughness to unacceptable 
levels (Ref. 24). 

The embrittlement occurs more 
rapidly in the weld metal compared to 
the corresponding duplex base metal 
(UNS $31803, W.Nr 1.4462). The impact 
toughness of the weld metal has de- 
creased to below the commonly used ac- 
ceptance level of 27 J after approximately 
3 to 4 min at 850 ° to 950°C (Fig. 17); 
whereas, the base metal, depending on 
starting condition, wil l  be embrittled 
after 10 to 40 min (Refs. 1, 3, 24, 28). 
However, the time to embrittlement 
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Fig. 17 - -  Critical aging time for embrittlement 
at room temperature of  a 22Cr-9Ni-3Mo- 
0.15N type duplex weld metal. 

Fig. 1 8 - -  Correlation between impact tough- 
ness and ferrite content for heat treated 22Cr- 
9Ni-3Mo-O. 15N type duplex weld metal. 

Fig. 19 - -  Impact toughness vs. hardness for 
heat treated 22Cr-9Ni-3Mo-O. 15N-type du- 
plex weld metal. 

leaves a broad margin for the cooling 
rates normally obtained with recom- 
mended welding procedures. It should 
also be pointed out that the critical times 
determined here are conservative since 
"a worst case" weld metal with a large 
fraction of reheated (and multiply re- 
heated) regions was studied. Conse- 
quently, the time to start of embrittlement 
(1 min around 900°C) found in this study 
is somewhat shorter than that reported in 
another study on 22%Cr duplex weld 
metals (1.5 min) (Ref. 12). 

Ferrite Content, Hardness 
and Impact Toughness 

A significant decrease in ferrite con- 
tent or an increase in hardness clearly in- 
dicated serious embrittlement by precip- 
itation of intermetallic phases --Table 6, 
Figs. 18, 19. For example, the impact 
toughness had in all cases decreased to 
below 12 J when the average hardness 
was above 290 HV,0 or the average fer- 
rite content was below 20 FN. 

Changes in ferrite content and hard- 
ness can be used as tools to identify seri- 
ous embrittlement but not to guarantee 
the absence of embrittlement-- Figs. 18, 
19. For example, the hardness after 5 min 
aging at 900°C was 262 HV,0 compared 
to 256 HV,0 as welded. Nevertheless, the 
impact toughness had decreased to 18 J. 
Furthermore, the ferrite content was 24 
FN after 5 min at 800°C or after 1 min at 
900°C, but the impact toughness was 25 
J in the first case and 51 J in the second. 
That impact toughness is affected before 
a hardness increase is detected is in line 
with the finding that precipitation of ap- 
proximately 2% of G-phase is needed to 
give a clearly noticeable effect on hard- 
ness (Refs. 7, 29). 

Corrosion Resistance 

When discussing the influence of in- 

termetallic phases the main concern is 
usually the effects on mechanical prop- 
erties (Refs. 4, 12, 13, 24). However, it is 
well known that the presence of inter- 
metallic phases will also deteroriate the 
corrosion resistance, and that the effect 
on corrosion resistance of small amounts 
of precipitates is stronger than the effect 
on mechanical properties (Ref. 30). Little 
information is available about the rela- 
tive importance of different intermetallic 
phases and all intermetallic phases are, 
therefore, generally treated as being 
equally deleterious (Refs. 1,4, 6, 31). 

Oxalic Acid Test 

In the oxalic acid etch test, stainless 
steels are polarized to a highly positive 
potential in the very transpassive range. 
In this potential range, the corrosion rate 
increases with increasing Cr-content and 
precipitates rich in Cr and Mo are prefer- 
entially dissolved (Ref. 31). The observed 
etching behavior of the heat treated spec- 
imens is in good agreement with that ex- 
pected from the composition of the dif- 
ferent phases. The dissolution rate was 
lowest for the austenite, having the low- 
est Cr- and Mo-content and highest for 
the Cr- and Mo-rich precipitates. 

Two temperature regimes can be dis- 
tinguished when plotting the approxi- 
mate time for significant etching attack in 
the oxalic acid test on the TTT-diagram 
for R- and (~-phase precipitation (Fig. 20). 
At 800 ° and 900°C the oxalic acid attack 
curve closely follows the curve for o- 
phase precipitation. However, at 700°C 
significant etching attack was found al- 
ready after 1 min; whereas, 1% R-phase 
was estimated to have formed after ap- 
proximately 1 h. The appearance of the 
etching attack was the same for all heat 
treatment times at 700°C. 

A somewhat different etching behav- 
ior has been observed for 22%Cr duplex 
stainless base metals. Significant etching 

attack was found after 3 min aging tem- 
peratures in the range 650 ° to 900°C, but 
no intermediate temperature where etch- 
ing attack was displaced to longer times 
was observed (Ref. 27). The etching at- 
tack in the upper part of this temperature 
range was attributed to o- and z-phase 
precipitation; whereas, the etching at- 
tack at lower temperatures was consid- 
ered to be an effect of nitride and carbide 
precipitation. 

Carbide or nitride precipitation seems 
to be a less likely explanation of the etch- 
ing behavior below 800°C in the weld 
metal. Several observations suggest that 
rapid nucleation of R-phase formation is 
more probable. No local etching at grain 
boundaries was seen in the weld metal 
and no carbides and nitrides were de- 
tected in the OK 67.50 weld metal. Fur- 
thermore, the most rapid precipitation of 
carbides and nitrides would be expected 
above 700°C; whereas, oxalic etching 
produced a more significant etching at- 
tack after 1 min aging at 700°C than after 
aging at 800°C. Therefore, carbide and 
nitride precipitation must be either in- 
significant or occur simultaneously as 
precipitation of intermetallic phases in 
the weld metal. Anyhow, the effect on 
corrosion resistance must be small com- 
pared to the effect of intermetallic pre- 
cipitates. 

Consequently, the TTT-diagram for R- 
phase precipitation (Fig. 20) describes the 
time to formation of larger volume frac- 
tions of R-phase (>1%) correctly; 
whereas, the curve showing the time to 
significant attack in oxalic acid more ac- 
curately describes the time to start of of R- 
phase formation. Therefore, the TTT-dia- 
gram (Fig. 11 ) can be used to predict the 
risk of embrittlement; whereas, the curve 
showing significant oxalic acid attack 
(Fig. 20) shows when effects on corrosion 
can be expected. It can be noted that the 
times allowed at elevated temperatures 
before significant attack in oxalic acid oc- 
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curs are of the same order for duplex base 
metals and weld metals (1-5 min). 

Streicher and Huey Test 

As described in the ASTM A 262 stan- 
dard, the presence of o-phase will cause 
high corrosion rates in Huey and Stre- 
icher tests (Ref. 20). Therefore, the high 
corrosion rates for the experimental weld 
metals heat treated at 800°C are reason- 
able since both o-phase and R-phase had 
formed. There was also a clear correlation 
between the amount of precipitates and 
corrosion rate, as can be seen from the 
higher corrosion rate of the ruffle experi- 
mental weld metal, which showed the 
more extensive precipitation. 

The high corrosion rates when only 
R-phase was present after aging at 675°C, 
show that the Huey and Streicher tests 
also detect R-phase in duplex weld met- 
als. This is in agreement with the high 
corrosion rates in the Huey test caused by 
other Mo-rich intermetallic phases, like 
Laves and z-phase (Reg. 1, 31). 

Ferrite Content, Hardness 
and Corrosion Resistance 

It is interesting to note that corrosion 
resistance and toughness will start to de- 
teroriate almost simultaneously during 
aging above 800°C, whereas corrosion 
resistance will be affected after signifi- 
cantly shorter times than toughness after 
heat treatment below 800°C. The reason 
is that small amounts of precipitates will 
give a more significant effect on corro- 
sion resistance than on toughness. 
Therefore, a significant decrease in ferrite 
content or an increase in hardness, com- 
pared to the as welded condition, should 
be taken as an indication of a seriously 
lowered corrosion resistance - -  Table 6 
and Fig. 20. However, the same ap- 
proach cannot be used to guarantee an 
unaffected corrosion resistance. 

Welding in Practice 

Embrittlement during holding at ele- 
vated temperatures occurs somewhat 
more rapidly in the weld metal compared 
to in the corresponding duplex base 
metal (Refs. 1, 3, 24, 28). However, ox- 
alic acid etching shows that the time be- 
fore the corrosion resistance will start to 
deteroriate is similar for the base metal 
and the weld metal. The weld metal will 
not be a weak link in this respect. Practi- 
cal experience verifies that lowered cor- 
rosion resistance due to slow cooling 
after welding, of 22%Cr duplex base 
metals and weld metals, is very uncom- 
mon. Quite contrarily, any corrosion 
problems in connection to welding are 

most often due to nitride precipitation 
caused by overly rapid cooling or caused 
by poor gas protection of the root in one- 
sided welding (Ref. 12). Therefore, the 
present investigation and practical expe- 
rience show that embrittlement or loss of 
corrosion resistance will not occur in the 
weld metal when recommended welding 
procedures are followed. Also, repair 
welding can normally be performed 
without risk of weld metal embrittlement. 

Conclusions and 
Summary of Results 

Precipitation of intermetallic phases 
in the temperature interval 675°-1000°C 
(1247°-1832°F) and its effects on corro- 
sion resistance and impact toughness 
were studied for 22%Cr 9%Ni 3%Mo 
0.15%N-type duplex weld metals. The 
following conclusions were reached: 

1 ) The intermetallic phases o-, R- and 
x-phase formed during aging. Only o- 
and R- phases were present in sufficient 
quantities to affect mechanical proper- 
ties. 

2) R-phase was the major phase pre- 
cipitating at 675 ° and 700°C (1247 ° and 
1292°F); whereas, o-phase replaced R- 
phase after longer aging times at 800°C 
(1472°F) and was the only phase found 
after aging at higher temperatures. Some 
x-phase formed at 800°C (1472°F). 

3) Two types of R-phase appeared. 
Small particles (10-100 nm) and after 
longer aging times also larger particles 
(=0.5 lam). 

4) Continuous grain boundary films 
appeared after aging at 675°C (1247°F). 

5) R-phase formed rapidly around 
700°C (1292°F) but had a low growth 
rate compared to o-phase. 

6 Only minor amounts of carbides 
were found in the experimental weld 
metals. No nitrides were detected. 

7) Typical compositions as measured 
by EDX-analysis were: o-phase: 55%Fe, 
34%Cr, 4%Ni, 6%Mo, 1%Si; small R- 
phase: 33-38%Fe, 16-30%Cr, 3-5%Ni, 
27-39%Mo, 3-4%Si; large R-phase: 36- 
43%Fe, 25-26%Cr, 3-4%Ni, 25-26%Mo, 
2-3%Si; G. b. film: 26%Fe, 33%Cr, 
3%Ni, 33%Mo, 3%Si; x-phase: 49%Fe, 
28%Cr, 3%Ni, 18%Mo, 1-2%Si 

8) The impact toughness dropped 
below 27 J when 3-5 vol-% of inter- 
metallic phases had formed. The de- 
crease in impact toughness was most 
rapid between 850°-950°C. 

9) Significant etching attack in the ox- 
alic acid test was found for aging times 
from 1 min at 900°C (1652°F), from 5 
min at 800°C (1472°F) and from 1 min at 
700°C (1292°F). The attack was due to 
o-phase precipitation after aging at and 
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Fig. 20 - -  Time for significant attack in oxalic 
acid superimposed on T1-T diagram for R- and 
(~-phase precipi tat ion in a 22Cr-9Ni-3Mo- 
0.15N type duplex weld metal. 

above 800°C; whereas, etching after 
aging at 700°C was caused by rapid for- 
mation of R-phase. 

10) Huey and Streicher testing was 
sensitive to R- and o-phase precipitation 
in duplex weld metals. 

11) Corrosion resistance and tough- 
ness will deteroriate almost simultane- 
ously during aging above 800°C 
(1472°F); whereas, corrosion resistance 
wi l l  be affected before toughness at 
lower temperatures. 

12) Embrittlement during holding at 
elevated temperatures occurs somewhat 
more rapidly in 22%Cr duplex weld met- 
als than in base metals; whereas, the time 
to start of deteroriation of corrosion re- 
sistance is similar for base metals and 
weld metals. 

13) A significant decrease in ferrite 
content or an increase in hardness indi- 
cated serious embrittlement and lowered 
corrosion resistance due to precipitation 
of intermetallic phases. However, ferrite 
content or hardness cannot be used to 
guarantee an unaffected corrosion resis- 
tance or the absence of embrittlement. 

14) Embrittlement or loss of corrosion 
resistance wi l l  not occur in the weld 
metal if recommended welding proce- 
dures are followed. 
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JOINING OF 6061 ALUMINUM MATRIX-CERAMIC 
PARTICLE REINFORCED COMPOSITES 

By R. Klehn and T. W. Eagar 

The joining of 6061 aluminum reinforced with 15 volume percent AI203 was studied. Transient 
liquid phase bonding with silver, copper and aluminum-12 atomic percent silicon were the three systems 
which demonstrated an ability to join the aluminum-based composite. The physical phenomena 
controlling transient liquid phase bonding of aluminum alloys were also examined to gain a better 
understanding of the joining processes. 

The study of each joint included a shear test, metallographic and compositional examination of 
the joint, and tensile tests of the strongest braze systems. 
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