
Creep-Rupture Properties of 21/4CrMo 
Weld Deposits 

Data review compares weld metal with wrought 21ACr-
1Mo and 1/2CrMoV steels and indicates some of the ef
fects of heat treatment, welding process and filler metal 
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ABSTRACT. The available creep-rup
ture data on 214CrMo weld deposits in 
the range 550-600 C have been re
viewed and the strength found to be 
closely comparable to that of wrought 
2'4CrMo steels. Within this range the 
welding process itself had no appar
ent effect but increasing stress relief 
severity reduced the creep-rupture 
strength. It therefore appears im
possible to match the creep-rupture 
strength of a 2"4CrMo weld of stan
dard composit ion with that of the 
commonly used ' 2CrMoV base metal. 

Manual shie lded metal-arc de
posits of one brand had generally 
higher creep-rupture strength than 
other 2'4CrMo deposits, apparently 
because of differences in carbide 
precipitation kinetics during stress re
lief. Preliminary experiments suggest 
that small titanium additions to the 
2 ,4CrMo base can give rise to such 
strength increases but the effect of 
these additions on creep ductility is 
yet to be established. 

Introduction 
As turbine generator units have in

creased in size to provide electricity at 
greater thermal and capital effici
encies, the temperatures, pressures 
and stresses in the steam turbine 
components have also increased. For 
service at temperatures up to 566 C, 
CrMoV steels are now generally used 
in the UK, the most common in weld
ed components being ViCrMoV with 
0 .1% C. 

Early attempts to weld such steels 
with CrMoV weld metals revealed 
many problems' and 21/4CrMo de
posits became customary. Measure
ments2 of the creep-rupture prop

erties of 214CrMo weld metal de
posited by the then normally used 
manual shielded metal-arc welding 
(SMAW) process suggested that 
strengths could be obtained which 
were sufficiently close to that of the 
CrMoV steels to produce satisfactory 
joints. 

Increased power plant size also led 
to major increases in component size 
and hence in that of welded joints. 
There was therefore more incentive to 
introduce automatic processes such 
as submerged arc welding (SAW) to 
improve welding times, consistency 
and quality. Such processes tend to 
use higher heat inputs and can de
posit 214CrMo weld metal of different 
chemical composit ions from those 
obtained by manual methods, for ex
ample with higher manganese, sili
con and coppe r con ten ts . Pre
liminary tests suggested3 however 
that the SAW process could result in 
w e l d s of l o w e r c r e e p - r u p t u r e 
strength. 

Furthermore, during weld repairs 
and the manufacture of complex 
components from sub-assemblies, 
weld deposits are often stress re
lieved several t imes, totals of 50 hr 
being accumulated on some occa
sions. Such long stress reliefs would 
also be expected to reduce the creep-
rupture strength, and again this ap
peared to be confirmed by early ex
perimental data.4 

Opinions vary on the proportion of 
the base metal strength needed in the 
weld metal to prevent premature 
failure. The situation is complex and 
the strength needed depends on the 
mechanics of the particular joint and 
duty under consideration. For in
stance, joints tested in uniaxial ten

sion have failed at different lives and 
dif ferent posit ions f rom identical 
joints tested under internal pres
sure.5 Service failures have in the past 
been ascr ibed to mismatches of 
strength between weld metal and 
component6 7 and certainly from an 
overall design consideration, it is de
sirable for the strength of the weld 
metal in a joint to be equivalent to that 
of the base metal. 

Many factors can affect the prop
erties of a weld deposit: the welding 
process and conditions, electrode 
compos i t ion , arc transfer charac
teristics, flux, preweld and postweld 
heat treatments being of major impor
tance. Such factors make it difficult to 
obtain a clear picture of the charac
teristics of 2ViCrMo deposits from the 
work of any one user or supplier. 
Consequently, all the available data 
on the creep- rupture strength of 
21 /4CrMo we ld d e p o s i t s in the 
temperature range 550-600 C have 
been reviewed to assess the general 
level of the weld properties and the ef
fects of the welding process and the 
postweld heat treatment. An attempt 
has also been made to determine 
possible reasons for the reported4 su
perior creep strength of a particular 
SMAW electrode (electrode B) com
pared with other 2 ' / tCrMo weld 
metals. 

Test Specimens 

Welds can be assessed by testing 
either a l l -weld-metal samples or 
crossweld specimens where the test 
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piece includes a weld across the sec
tion. All-weld-metal specimens can 
be either from specially deposited 
weld pads or from joints, the latter 
giving greater restraint to the weld 
and different thermal conditions dur
ing deposition. Tests on such speci
mens have the advantage of produc
ing fractures unambiguously within 
the weld metal. Cross-weld specimens 
on the other hand can fail in the weld 
metal, the heat affected zone or the 
base metal. Failures in the heat af
fected zone in particular can be of 
ambiguous origin and only provide 
conservative guides to the weld metal 
strength. Nevertheless, cross-weld 
specimens more realistically repre
sent the practical situation. 

Internally pressurized vessels58 

and specimens containing welds only 
partially through the thickness9 have 
also been tested. To avoid ambiguity, 
the results reviewed include only 
those obtained from all-weld-metal 
specimens and cross-weld spec i 
mens which have failed within the 
weld metal. For the latter, ductility 
values are not included because of 
the uncertainty of the gage length. 

Presentation of Results 

Over the period for which the data 
have been collected, conventions on 
operating and test temperatures have 
changed. Consequently, creep-rup
ture data have been collected at both 
rounded Fahrenheit (e.g., 1000 and 
1050 F) and Centigrade (e.g., 550 and 
600 C) temperatures and direct com
parison of results is often difficult. 
Therefore to derive an overall picture 
from weld metals tested at different 
temperatures, the mean data derived 
by the I n t e r n a t i o n a l S t a n d a r d s 
Organization (ISO) for 21/4CrMo and 
VsCrMoV wrought materials10 have 
been used as a reference. 

The data used in establishing the 
ISO lines for 21/4CrMo steel include 
those for annealed as well as nor
malized and tempered materials 
which would be more relevant to the 
weld metals considered here. How
ever, several studies9- " ,5 have indi
cated that the difference in strength 
between the two types is reduced by 
testing for longer times or at higher 
temperatures, and a more recent 
analysis of the data by ISO16 confirms 
this. The range of tempering condi
tions of the normalized wrought ma
terials is large and this could cause at 
least as large a range of properties as 
the combination of data for annealed 
and normalized materials. The con
ventional ± 20% scatterbands about 
the ISO mean lines are therefore con
sidered to provide a reasonable basis 
for comparison with the weld metal 
results. 

A large volume of creep-rupture 
data on 2'/4CrMo weld metal is avail
able from tests in the authors' lab-

Table 1 — Details of Weld Deposits (64 samples reviewed) 

Welding process: 
Manual shielded metal-arc (electrode B) 
Manual shielded metal-arc (other electrodes) 
Gas metal-arc 
Submerged arc 

Stress relief heat treatment: 
5 hr equivalent 
temperature. C 

600 
650-675 
675-700 
700-725 
725-750 

Not stress relieved 
Normalized and tempered 
Treatment not known 

Analysis: 

No. of 
samples 

11 
30 
5 
18 

No. of 
samples 

1 
15 

7 
12 

7 
3 

10 
9 

Ele
ment 

C 
Si 
Mn 
S 
P 
Ni 
Cr 
Mo 
V 
Ti 

Mean, 

% 
0.08 
0.42 
0.71 
0.017 
0.020 
0.07 
2.31 
1.02 
0.04 

— 

Mini
mum, % 

0.03 
0.27 
0.30 
0.007 
0.011 

— 
1.80 
0.73 

— 
— 

Maxi
mum, % 

0.12 
1.10 
1.20 
0.036 
0.030 
0.15 
2.88 
1.43 
0.09 
0.09 

No. of 
separate 
analyses 

45 
40 
46 
32 
32 
20 
48 
48 
23 

5 

oratories over many years. To these 
have been added published results 
from elsewhere in the UK,5-17-18 from 
Germany,'921 Holland,22 Japan,23 

Switzerland24 and the USA,1125 and 
also unpublished results.2628 The 
range of welding processes, postweld 
heat treatments and composit ions in
cluded is summarized in Table 1. 

The data were collated for the six 
temperatures in the range 550-600 C 
at which tests had been reported. Re
sults at the two most c o m m o n 
temperatures, 550 and 600 C, are 
c o m p a r e d wi th the ISO ± 20% 
scatterbands in Figs. 1 and 2, dis
tinguishing only between the welding 
processes used and results for the 
SMAW electrode B which had 
been suggested4 to have superior 
strength. Further results at 550 C29 for 
which no details of the manufacture of 
the deposit were available (Fig. 3), 
and resu l ts at the i n te rmed ia te 
temperatures 566, 570, 575 and 593 
C, showed a similar agreement with 
the wrought scatterband. 

Widely differing stress relief treat
ments had been used for the de
posits. In an attempt to determine the 
significance of stress relief therefore, 
a tempering parameter30 was used to 
calculate equivalent temperatures 

corresponding to an arbitrary con
stant stress relief t ime of 5 hr. By this 
means the deposits were grouped in 
25 C stress relief treatment incre
ments, as shown for the data at 550 
and 600 C in Figs. 4 and 5. This 
manipulation was subject to error but 
only relatively small changes were 
necessary and the approach is prob
ably as reliable as the control of the 
original stress relief treatments. A 
general trend of reducing strength 
with increasing severity of stress re
lief was noted. 

To determine whether differences 
in creep-rupture strength had re
sulted from differences in the weld
ing p rocess , the c r e e p - r u p t u r e 
strength at 3000 hours and 550 C for 
each deposit was plotted against the 5 
hr equivalent stress relief tempera
ture (Fig. 6). Where necessary, values 
were interpolated from the actual test 
temperature by assuming a constant 
relationship with the ISO mean lines; 
for example a deposit 10% below the 
mean line at 575 C was assumed also 
to be 10% below at 550 C after 3000 
hr. Although this approach is not ac
curate, it is considered sufficiently 
reliable to provide qualitative com
parisons. No effect attributable to 
welding process was observed. 
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Fig. 2 — Creep-rupture properties ot2V»CrMo weld deposits at 
600 C 

Fig. 1 — Creep-rupture properties of 2'ACrMo weld deposits at 
550 C 

Electrode B Deposits 

Most results lay within the scatter
band for wrought 2ViCrMo materials 
over the temperature range con
sidered. Those for electrode B de
posits however were consistently near 
the top of the band (Figs. 1 and 2) 
though subsequent analysis showed 
that this was partly the result of less 
severe stress relief. Comparat ive 
creep-rupture data (Fig. 7) obtained 
in the authors' laboratories on elec
trode B, another SMAW deposit and 
one SAW deposit, all aged 44 hr at 
700 C, confirmed that the electrode B 
sample had the highest creep-rup
ture strength, although its ductility 
was generally poor. 

Hardness changes during stress 
relief had indicated4 rapid aging to 
160-180 Vickers hardness number 
(HV) for SAW deposits but slower ag
ing to 210 HV for electrode B de
posits. As-welded specimens from 
one electrode B weld deposit were 
therefore solution-treated at 960 or 
1200 C and cooled to a bainitic struc
ture before aging. For the specimens 
solution-treated at 1200 C the hard
ness response (Fig. 8) was similar to 
that of the as-welded material but for 

tZ0% scatterband about ISO mean line for wrought 2JCr Mo steel 

500 

Fig. • Additional creep-rupture data on 21ACrMo deposits at 550 C (from 
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Fig. 4 — Effect of stress relief on creep-rupture properties of 
2'ACrMo weld deposits at 550 C 

Fig. 5 — Effect of stress relief on creep-rupture properties of 
2'ACrMo weld deposits at 600 C 

those treated at 960 C the hardness 
was considerably lower after aging 
and comparable with that of SAW 
specimens. Solution treatment had no 
apparent effect on the aging re
sponse of other weld metal deposits 
tested, suggesting that the different 
tempering response of electrode B 
was due to a difference in precipita
tion reaction. 

Metallographic examination con
firmed that the structure of electrode 
B was slower to age (Fig. 9), and its 
carbide dispers ion therefore re
mained finer than that in the SAW de
posit over the range of tempering in
vestigated. However, electron diffrac
t ion ind ica ted that the ca rb ide 
precipitation sequence in both fol
lowed the standard 21/4CrMo pat
tern31 with gradual replacement of 
M2X by M23C6 and subsequent trans
formation to M6C. 

Electrode B was known to use 
titanium as a deoxidant. Analysis of 
several'electrode B, other SMAW and 
SAW deposits for trace elements 
showed that, though there were no 
major differences, the niobium and 
titanium contents were a little higher 
in the electrode B deposits. Hence, it 
was possible that solution of niobium 
and titanium was stabilising the fine 

M2X precipitates in the electrode B 
deposits, since neither NbC nor TiC 
was observed by electron diffraction. 
Controlled additions of up to 0.3% Ti 
were therefore made to a basic 
2'/4CrMo weld metal, and initial short 
term results suggested that creep-
rupture strength could thereby be in
creased 50% (Fig. 10). 

Discussion 

Although some lay above, less than 
5% of the reviewed creep-rupture re
sults for 2'/4CrMo weld deposits lay 
below the ISO ± 20% limits about the 
mean for the wrought material. A sim
ilar proportion of wrought material re
sults was also below this limit. Re
sults f rom cross-weld specimens 
which were excluded from the assess
ment because failure had occurred in 
the 2'/4Crlv1o heat affected zone182124 

or in the 21/4CrMo base metal172124 

also demonstrated that the weld was 
not the weakest region of the joint, 
contradicting a suggestion8 that welds 
are up to 20% weaker than the 
equivalent wrought material. 

Since all the available data for 
2%CrMo weld metal, extending to 20,-
000 hr, fit well to the scatterband for 
2ViCrMo wrought steel, the range of 
properties for the weld metal at 100,-

000 hr can also be expected to be 
similar to that for the wrought ma
terial. However, further comment will 
be restricted to the data actually avail
able and will not deal with situations 
which may evolve as testing times in
crease. 

The deposits tested were made 
predominantly by the SMAW and 
SAW processes, but a few were by the 
gas meta l -a rc we ld ing (GMAW) 
process. Although isolated results 
may appear contradictory, the data as 
a whole suggest that the welding 
process itself (i.e. excluding results 
for electrode B) has no significant ef
fect on creep-rupture strength (Fig. 
6). Similarly deposits made by both 
SMAW and SAW processes failed 
with low ductilities, ductility generally 
decreasing with increasing time in the 
usual way. There are insufficient data 
to reveal the effect of fluxes, although 
basic fluxes, which give cleaner de
posits, could give better ductility. This 
is an area which would justify further 
study. As the overall scatterband for 
2V4Crlvl0 steel is similar for both weld 
deposits and wrought materials, how
ever, a marked improvement in the 
creep properties of the weld deposits 
is unlikely to be achieved by attention 
to welding techniques or heat treat-
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Fig. 7 — Creep-rupture properties at 550 C of 2'ACrMo 
weld deposits aged 44 hr at 700 C 

ment. In fact some results for nor
malized and tempered deposits, in
cluded in the data fall within the over
all scatterband. 

Rationalizing all the known stress 
relief treatments to an equivalent 
temperature maintained for 5 hr 
showed that decreasing stress relief 
severity increased the creep-rupture 
strength, and Jahn21 has shown that 
the unstress-relieved joints possible 
in thin tubes have strengths at least 
equal to that of the base metal. How
ever, other things being equal, this is 
accompanied by a decrease in ductili
ty. 

When studying the results in more 
detail, all the available data for all 
temperatures must be considered to
gether, since different types of de
posit have often been tested pre
dominantly at different tempera
tures. Nevertheless, the primary plots 
of the data (Figs. 1 and 2) do verify 
earlier opinions4 that electrode B has 
generally superior creep-rupture 
strength to all other deposits tested. 
The strengths measured for elec
trode B, with few exceptions, lay 
around or above the top of the ± 20% 
scatterband for wrought 21/4CrMo 
which is approximately coincident 
with the bottom of the ± 20% scatter
band for wrought '/iCrMoV over the 
temperature and time range con
sidered. However, electrode B has 

been more commonly used for small 
joints requiring less stress relief, and 
SAW processes for larger joints more 
heavily stress relieved. Even allowing 
for these differences electrode B still 
generally appeared to have higher 
strength than other weld metals (Fig. 
6). 

The higher creep strength and cor
respondingly slower tempering re
sponse of electrode B appear to be 
controlled by slower changes in the 
precipi tat ion sequence during 
tempering, rather than by a com
pletely different precipitation process. 
The different aging responses of sam
ples solution treated at 960 and 1200 
C suggest that the agents respon
sible are also comparatively in
soluble in austenite. Since electrode 
B is known to have been deoxidized 
with titanium, some form of titanium 
solution in the* precipitated carbides 
could naturally be suspected but 
analysis revealed that only a very 
small amount could be involved in 
such processes. 

Controlled additions of titanium to 
2V4CrMo weld metal are being investi
gated as part of a continuing pro
gram of development of creep re
sistant weld metals. Initial results indi
cate that small additions increase 
creep strength, but creep ducility and 
weld cracking resistance are factors 
of equal importance, and further work 

is in hand to establish the effect on 
these properties more fully. 

Conclusions 

The scatterband for all the 2V4CrMo 
weld deposit creep-rupture data re
viewed in the range 550-660 C is 
closely comparable to that for 
wrought 21/4Cr-1Mo steel. Within this 
scatterband, increasing stress relief 
severity (time or temperature) ap
pears to decrease creep-rupture 
strength, though comparisons are 
confused by the different test tem
peratures used. The welding process 
itself appears to have no consistent 
effect on the creep-rupture strength, 
but insufficient evidence is available 
to comment on the effect of different 
fluxes or gas shielding. 

Since the upper 20% scatterband 
about the mean ISO line for wrought 
2V4CrMo is approximately coincident 
with the lower 20% band for wrought 
VaCrMoV out to 20,000 hr over the 
temperature range considered, it 
does not appear possible to achieve 
matching creep strength in a 2V4CrMo 
weld of standard composition and 
ViCrMoV base metal. 

The electrode B manual shielded 
metal-arc deposits reviewed have 
generally higher creep-rupture 
strength than other 21/4CrMo de-

WELDING RESEARCH S U P P L E M E N T ! 265-s 



o As welded 
ft Solution-treated at 960°C 
o Solution-treated at 1200°C 

g 
£ 
$ 250 

^ " 

• 

' 

/i • • 

• 

• 

i / 

, - i i . 

•• 

ELECTRODE 6 AS UELDED 

1:3. \ • 

SUBMERGED SRC DEPOSIT AS UELDED 

r''''- ••• " V - ^ &• 

:;i-.i 
•t' '" 

'"ti 

TEMPERING TIME, hr 

Fig. 8 — Effect of aging at 700 C on hardness of electrode B 
deposits before and after solution-treatment at 960 or 1200 C 

20? scatterband about ISO mean l ine for wrought ZlCr Mo steel 

g 12 hr at 7CO°C „ 
0 44 hr a t 700°CJ 0 * T ' 

<5 12 hr at 700»C . „ 
V 44 hr at 700°C ° ' 0 5 % 

* 1 2 hr at 700°C 
+ 44 hr at 700°cJ " ° 

" 12 hr at 700°C, 0-271 Ti 

e^f^m 

ELECTRODE B AFTER 3 hr AT 70G°C 

»*-s'^\ «•' • 

£ - - . . • / . f'••}-• "i 

ELECTRODE B AFTER 24 h r AT 700° C 

iUBMERGEO ARC DEPOSIT AFTER 3 hr AT 700 ' C 

o V * S * V • ' ,••'• 

'• * V* ; 

' • ' 4 * ' *••• " 

SUBMERGED ARC DEPOSIT AFTER 24 hr AT 700" C 

00 

^— l i i n n r 

, . i i l i i 111 

1 i M i n i 

^ ^ 
,i~.*--

"̂ "S*̂ **̂  

r i M i n i 

4 \ \ 

i i 1 1 1 1 M ! 1 1 1 I i 11 

1 1 l I I I II 

-

-

\ 

" 

i i i i i i n 

Fig. 9 — Microstructures of electrode B and submerged arc de
posits during stress relief, X5000, reduced 55% 

(a) Cre tp-ruptur . 

Fig. 10 — Effect of 
titanium additions on 
creep properties of 
21ACrMo weld metal 
at 550 C 

I 

0 

0 

p- l 

f> 0 
I 

Ml id 

posits, and in those examined, a cor
respondingly slower tempering re
sponse. This increased strength de
pends on the solut ion t reatment 
temperature, but is not reflected in a 
different precipitation sequence. The 
only significant chemical differences 
observed appeared to be slightly 
higher levels of titanium and nio
bium, but experiments suggest that 

t i t an ium a d d i t i o n s to the bas ic 
21/4CrMo weld metal significantly in
crease its strength. The effect of such 
additions on other weld metal prop
erties has not yet been established. 
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Brazed Honeycomb Structures by M. M. Schwartz 

Honeycomb has been described as a product, a concept, a technique, a material. 
Actually it is some of each. Whichever description fits best, honeycomb is most 
familiar to engineers as a structural material in sandwich form,mostly for aircraft 
application. 

In the last few years, honeycomb has fulfilled other needs besides structural and 
has been used to solve design problems in products other than aircraft. Advances 
in many directions highlight the success of lightweight cores. The future develop
ments and use may hinge on materials and methods. 

WRC Bulletin 92, "Brazed Honeycomb Structures," traced the beginnings of 
honeycomb brazing in its formative years of 1955 to 1962. The precipitation-hard
ened steels and several superalloys were brazed successfully by several different 
processes, tooling concepts were formulated and proved, and several suitable braze 
alloys were developed to meet the needs of that earlier decade. Several airplanes 
used the brazed sandwich (B-58, B-70, A-6) and the structures proved adequate. The 
severe temperature environment of high-speed airframes and spacecraft antic
ipated for the 1963-1972 period and the extremely severe environment of space 
travel introduced new requirements into the development of materials and their 
fabrication. Therefore, the early sixties' initial development work was being con
ducted on several new materials, new applications and designs, new braze alloys, 
and new processing media for brazing. Work in all the aforementioned areas has 
progressed whereby today brazed honeycomb is used in space vehicles as well as 
engine seals and thrust reverser components. Techniques using vacuum atmo
sphere for brazing have been instituted in the production of titanium, beryllium, 
aluminum, refractory metal alloys and ceramics hardware. Several techniques util
izing the principles of brazing have also been developed and are in production 
usage, i.e., diffusion welding. This report updates the aforementioned accomplish
ments and developments in materials, processes, application, and production use 
in the last ten years and predicts where honeycomb construction might lead in the 
future. 

The price of WRC Bulletin 182 is $4.00 per copy. Orders should be sent to the 
American Welding Society, 2501 NW 7th St., Miami, Fla. 33125 or to the Welding-
Research Council, 345 East 47th Street, New York, N.Y. 10017. 
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