
Mechanical Behavior and Weldability of a High Chromium 
Ferritic Stainless Steel as a Function of Purity 

For acceptable properties in 0.5 in. plate, Fe-26Cr-1Mo alloys must carry C and N levels as 
low as 125 ppm and have reduced levels of one or more of the residual elements P,S, 
Cu and Ni. Requirements are relaxed at lighter gages 
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ABSTRACT. Excellent combinations of gen
eral corrosion resistance, pitting resist
ance, and stress corrosion cracking 
resistance can be had with high Cr, 
or high Cr-Mo ferritic stainless steels. 
Unfortunately the toughness and ductility 
of such alloys are limited unless unusual 
care is taken to restrict residual impuri
ties. In particular, the effects of C and 
N can be especially detrimental. This 
paper discusses the effects of C, N, Ti 
and several residuals on the recrystalli
zation, tensile behavior, toughness, weld
ability and corrosion resistance of several 
Fe-26Cr-lMo and Fe-26Cr-lMo-Ti al
loys. The several alloys cover levels of 
purity ranging from those typical of 
electric arc melting to those typical of 
electron beam melting. Weldability is 
evaluated on the basis of weld toughness, 
ductility, and resistance to intergranular 
corrosion. The effects of purity and com
position on mechanical behavior are 
evaluated in the light of pronounced 
effects of gage, microstructure and hot 
working practice. 

It is concluded that in order to have 
acceptable properties at 0.5 inch plate 
gages, Fe-26Cr-lMo alloys must be pro
duced with total C and N levels as low 
as about 125 ppm and with one or more 
of the residual elements P, S, Cu and 
Ni approximately an order of magnitude 
below the level commonly found in elec
tric furnace processed conventional stain
less steels. Increased levels of P and S, 
perhaps to conventional commercial 
levels, can be tolerated if the total C 
and N contents are near 65 ppm. The 
addition of 1200 ppm Ti to Fe-26Cr-lMo 
alloys with C and N levels near 100 
ppm is detrimental to toughness and 
weldability. Furthermore, Fe-26Cr-lMo 
alloys with roughly 300 to 900 ppm 
total C and N and conventional ferritic 
stainless steel residual levels are gen
erally characterized by poor toughness 
at gages above about 0.130 inches. At 
strip gages of 0.020 and 0.060 inches, 
toughness and ductility are acceptable 
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although weldability is often poor. How
ever, the addition of Ti improves the 
toughness and ductility of these alloys 
such that Fe-26Cr-lMo-Ti alloys with 
300 ppm total C and N (and 2200 ppm 
Ti) have acceptable toughness and weld
ability at gages of 0.126 inches and below 
and Fe-26Cr-lMo-Ti alloys with 850 
ppm C and N (and 4500 ppm Ti) have 
acceptable toughness and weldability at 
gages of 0.060 inches and below. 

Introduction 
Stainless steel corrosion resistance is 

most directly a function of Cr content 
and the simplest stainless steels are the 
ferritic Fe-Cr alloys. However , con
ventional commercial Fe-Cr plates 
with more than about 2 0 % Cr have 
ductile-to-brittle transition tempera
tures well above normal ambient tem
peratures. This brittleness, along with 
inferior ductility and corrision resist
ance after welding, has limited com
mercial application ot high Cr ferritic 
stainless steels. 

Binder and Spendelow1 have shown 
that the impact transition tempera
tures of the high C r stainless steels are 
a function of C and N content . Their 
data show that alloys with Cr contents 
from 25 to 3 0 % may be relatively 
tough if the total C and N content is 
below about 250 ppm. Conventional 
electric arc furnace practice is capable 
of producing tonnage alloys with a 
total C and N content of perhaps 800 
ppm or, with extra cost, 500 ppm. 
Thus the data of Binder and Spende
low corroborate the observation that 
tough, arc melted plates are unob
tainable with Cr contents above about 
2 0 % . 

In recent years the melting of large 
heats of extra low C and N stainless 
steels has approached commercial 
feasibility. The potential costs and ca
pabilities of the various melting oper
ations vary, however, and it is essen

tial that the relationship between 
properties and composit ion be clearly 
defined over ranges of low residual 
analyses. Towards this end, this inves
tigation concerns the mechanical be
havior and weldability of Fe-26Cr-
l M o ferritic stainless steels, with and 
without a Ti addit ion, with total C 
and N levels ranging from 65 to 900 
ppm and with varying levels of other 
residuals. 

Procedure and Results 
Melting. Eleven heats have been 

studied and their analyses are given in 
Table 1, together with a qualitative 
description of impuri ty levels. Hea t A 
is an electron beam melted composi
tion kindly furnished by Airco Vacu
um Metals. All other heats were vacu
u m induction melted at a size of 50 
pounds from electrolytic Fe and vacu
um grade electrolytic Cr with Al 
deoxidation. Hea t B represents the 
highest puri ty easily available with 
vacuum induction melting technique. 
Hea t H simulates an analysis easily 
available with conventional electric 
arc furnace technique. Heats I, J, 
and K are directly comparable to 
Heats B, D , and H, respectively, with 
the exception of the addition of Ti . 

Processing and Testing. Heat A was 
obtained in the form of a hot rolled 
2 V 2 in. square bar. T h e bar was ho t 
rolled to 0.125 in., annealed at 1450F 
for eight minutes and cold rolled to 
0.060 in. The cold rolled material was 
annealed at 1450F for four minutes. 
A portion of this strip was cold rolled 
to 0.020 in. and given a 1 V 2 minute 
anneal at 1450F. 

All o ther heats were directly hot 
rolled from 50 pound ingots to 0.5 in. 
plate, finishing at about 1675F. Por
tions of these plates were further hot 
rolled to about 0.125 in. gage, finish
ing at about 1450F. Metal lographic 
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specimens were cut from Heats B, D, 
E, G, H, I, J, and K at 0.125 in. gage 
and from Heats H and K at 0.5 in. 
gage. These specimens were annealed 
at a series of temperatures and the 
various recrystallization characteris
tics and grain sizes were determined. 
As a result of these observations the 
0.5 in. plates were annealed for 30 
minutes at 1800F for Heats B, C, D, 
E, F, G, and H and at 1600F for 
Heats I, J, and K. Furthermore, the 
0.125 in. bands were annealed for 
eight minutes at 1650F for Heats B, 
C, D, E, F, G, and H and at 1550F 
for Heats, I, J, and K. Subsequent to 
annealing, the alloys were either air 
cooled or water quenched. 

Cold rolling from 0.125 in. gage to 
0.060 in. and 0.020 in. was done on 
Heats B, C, D, E, F, G, H, I, J, and K 
in the same manner as outlined for 
Heat A except that the annealing tem
peratures were 1575F and that Heats 
C and F were not processed beyond 
0.060 in. gage. Small quantities of 
0.020 in. cold rolled strip were sub
jected to several annealing tempera
tures, other than the general 1575F 
annealing temperature, to determine 
the cold rolled recrystallization tem
peratures. 

All annealed material at and below 
hot rolled band gage was pickled prior 
to specimen preparation or further 
cold rolling. A two-stage pickling op
eration was employed involving ex
posure to a 30% H , S 0 4 solution for 
two minutes followed by dipping in a 
15% H N 0 3 — 3 % HF solution at 
170F. 

Weld testing was done on 0.060 in. 
gage, cold rolled, annealed and 
pickled material welded by a TIG 
(gas tungsten-arc) technique using ar
gon for shielding and as a back-up 

gas. The current was 115 amperes at 
10.5 volts and the weiding speed was 
15 in. per minute. Pieces of 4V 2 in. 
wide strip were fusion welded with the 
weld running parallel to the rolling 
direction of both strips. The welds 
were subjected to transverse U-bend 
tests, transverse Charpy tests and cor
rosion testing in 15% H N 0 3 — 3 % 
HF at 160F for 15 minutes. These 
tests are summarized in Table 5. 

Standard tensile tests were run on 
the heats in the 0.5 in. gage, 0.060 in. 
gage and 0.020 in. gage conditions, as 
annealed. The specimens were ma
chined longitudinally except for the 
0.060 in. gage specimens which were 
transverse. The 0.5 in. gage tensile 
specimens were round with a 0.250 in. 
diameter and the elongations were 
measured over one inch. The speci
mens for the other two conditions 
were 0.060 in. by 0.250 in. and 0.020 
in. by 0.500 in. in cross section with 
elongations measured over one and 
two inches, respectively. The results of 
these tests are given in Table 3. 

Longitudinal Charpy V-notch speci
mens were prepared from the 0.5 in. 
and approximately 0.125 in. gage con
ditions. Transverse specimens were 
prepared from the 0.060 in. gage con
dition for comparison to as-welded 
Charpy specimens. The specimens 
from the two heavier gages were 
prepared from annealed material sub
jected to either air cooling or water 
quenching. The ductile-to-brittle tran
sition temperatures determined from 
testing these specimens are listed in 
Table 4 with the annealing and cool
ing conditions. 

The relative susceptibilities of 
several of the heats to sensitization 
and intergranular corrosion were 
measured by subjecting coupons an

nealed for two minutes at 1450F, 
1600F, 1750F, and 1900F to 15% 
H N 0 3 — 3 % HF at 160F for a period 
of 45 minutes. The weight losses from 
these tests are given in Table 6. Rela
tive general corrosion resistance was 
measured by testing 0.020 in. gage 
coupons in solutions of 10% boiling 
oxalic acid, 60% boiling acetic acid 
and 50% boiling formic acid for peri
ods of seven days. The attack rates in 
mpy are given in Table 7. Table 7 also 
includes the results of anodic polariza
tion tests run in 5% H 2 S0 4 . 

Metallographic specimens were 
prepared from the welds and the 
several processing stages in the usual 
manner. The structures were de
lineated by a mixed acids etch con
taining two parts nitric acid, two parts 
acetic acid, three parts hydrochloric 
acid and one part glycerine. The 
structures are summarized for the var
ious conditions in Table 2. 

Discussion 
Metallography 

The grain sizes at various stages of 
processing are given in Table 2 along 
with estimated recrystallization tem
peratures. The recrystallization tem
peratures are for the annealing times 
as given in the previous section. The 
data for the electron beam melted 
heat are taken from the literature.2 

It can be seen that in the ranges of 
residuals studied no effect of these 
elements on hot working recrystalliza
tion temperature is apparent. The 
effect of titanium in the three cases 
studied is to lower the hot working 
recrystallization temperature from 
100 to 200F. A similar sized effect 
generally results from lowering the 
hot work finish temperature from 
1675 to 1450F (comparing 0.5 in. and 

Table 1 -

Heat 

A 
B 
C 
D 

E 

F 

G 

H 

1 
J 

K 

•Chemical Analyse 

Impurity .— 
description* 

S, P, Mn 
Very Low 
GROUP1 
GROUP 1 
group 2 
GROUP 1 
group 2 
GROUP 1 
0(5X) 
group 2 
GROUP1 
GROUP 2 
GROUP 1 
GROUP2 
Very Low 
GROUP 1 
group 2 
GROUP 1 
GROUP 2 

s of Heats 

C 

.0010 

.0062 

.0075 

.0110 

.0560 

.0230 

.0110 

.0580 

.0047 

.0110 

.0560 

N 

.0055 

.0070 

.0043 

.0200 

.0300 

.0102 

.0190 

.0320 

.0059 

.0190 

.0290 

O 

.0178 

.0115 

.0050 

.0090 

.0100 

.0535 

.0084 

.0146 

.0162 

.0149 

.0070 

Mn 

.07 

.01 

.13 

.14 

.14 

.21 

.49 

.49 

.01 

.22 

.50 

CO IT 

p 

.009 

.004 

.018 

.015 

.015 

.016 

.016 

.016 

.005 

.018 

.018 

posi t ion, 
S 

.014 

.003 

.011 

.008 

.010 

.018 

.011 

.009 

.002 

.013 

.011 

weight 
Si 

.005 

.033 

.014 

.002 

.014 

.29 

.52 

.48 

.033 

.038 

.54 

percent 
Cr 

26.7 
25.8 
26.0 
25.9 

25.9 

26.0 

25.9 

25.7 

26.2 
26.0 

26.4 

Ni 

.02 

.01 

.075 

.18 

.19 

.14 

.19 

.19 

.01 

.19 

.19 

Al 

— 
.014 
.033 
.02 

.022 

.007 

.018 

.036 

.012 

.025 

.05 

Mo 

1.07 
.99 

1.01 
1.00 

1.01 

1.03 

1.01 

1.01 

1.00 
1.00 

1.02 

Cu 

.005 

.01 

.19 

.15 

.15 

.17 

.16 

.17 

.004 

.17 

.17 

, 
Ti 

— 
.004 
.01 
.004 

.004 

.004 

.004 

.12 

.23 

.45 

' Cand Nare excluded; GROUP1 i s P , S , C u , a n d N i ;GROUP2 is M n a n d S i ; caps denote commercial impuri ty levels; all heats except F 
have roughly commercial O levels. 
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about 0.125 in. gages). 
The hot rolled and recrystallized 

grain size is coarser at 0.5 in. gage 
than at 0.125 in. gage. This is proba
bly, again, a manifestation of the 
higher hot working finish temperature 
of the heavier gage. The coarseness of 
the 0.5 in. gage structure is especially 
noticeable fpr the low C and N heats. 
The as-welded grain size is decreased 
by the addition of Ti. The 0.020 in. 
gage, as annealed grain size is finer 
than that of the heavier, hot worked 
gages and is roughly the same for all 
heats. The cold rolled recrystallization 
temperatures are comparable for all 
heats. 

The effects of Ti are curious in that 
they are apparently not related to C 
and N gettering, per se. Ti lowers the 
recrystallization temperature even 
though C and N have no effect over 
relatively wide ranges. Furthermore, 
Ti refines the weld grain size even 
though lower C, if it has any effect, 
seems to coarsen the weld structure 
slightly. Thus, it would seem that ei
ther Ti in solid solution or as Ti (C, 

Thus, while the effects of hot work
ing finish temperature and Ti addition 
are noticeable, it can be said that the 
general response of structure to anneal
ing is little affected by the variations 
in purity studied. 

Tensile Testing 

The tensile test results for the 
several alloys are given in Table 3. 
Again the data for electron beam 
melted material at 0.5 in. gage is 
taken from the literature.3 The gener
al correlation between heavier gage 
and lower strength is presumably 
related to grain size variation. Except 
for Heats A and E, there is little 
variation in ductility with gage. The 
0.5 in. and 0.020 in. gages have slight
ly lower elongations, in most cases, 
due possibly to the effects of coarse 
grain size in the former and limited 
necking related elongation in the lat
ter. However, the ductility of the elec
tron beam melted material varies 
widely and docs not follow a similar 
pattern. The very low elongation of 

N ) is ir s trumcntal 
tallization and yet 

Table 2-

Heat 

A 

B 

C 

D 

E 

F 

G 

H 

1 

J 

K 

-Metallogra 

C + N, 
ppm 

65 

132 

128 

310 

860 

332 

300 

900 

106 
(1200 Ti) 

300 
(2200 Ti) 

850 
(4500 Ti) 

in initiating recrys-
limiting weld grain 

phic Observations 

Residuals GE 

S, P, Mn 

— 

Gl 

Gl, g2 

Gl ,g2 

Gl, 0(5X), g2 

Gl, G2 

Gl, G2 

— 

Gl,g2 

Gl, G2 

ge, in. 

0.500 
0.125 
0.060 
0.020 
0.145 
0.060 
0.020 
0.500 
0.135 
0.060 
0.060 
0.143 
0.060 
0.020 
0.137 
0.060 
0.020 
0.500 
0.125 
0.060 
0.060 
0.138 
0.060 
0.020 
0.500 
0.138 
0.060 
0.020 
0.136 
0.060 
0.020 
0.126 
0.060 
0.020 
0.500 
0.125 
0.060 
0.020 

Heat E at 0.5 
age failure at 

Annealing 
temperature , 

°F g 

1600 
1450 

Welded 
1450 
1650 

Welded 
1575 
1800 
1650 

Welded 
1575 
1650 

Welded 
1575 
1650 

Welded 
1575 
1800 
1650 

Welded 
1575 
1650 

Welded 
1575 
1800 
1650 

Welded 
1575 
1550 

Welded 
1575 
1550 

Welded 
1575 
1600 
1550 

Welded 
1575 

in. gage reflects cleav-
low plastic strain and 

ASTM 
rain size 

2 
— 

1 
8 

4 to 6 
1 
7 
2 

6 to 7 
2 to 3 

6 
3 to 4 

1 
8 

6 to 7 
1 to 2 

8 
1 to 4 

5 
2 to 3 

6 
5 to 7 

1 
7 

4 to 6 
6 to 7 

2 
8 
6 

1 to 2 
7 
6 

3 to 4 
7 

4 to 5 
6 
4 
7 

Recrystal-
lization 

tempera ture , 
°F 

1600 
>1600 

1400 
1600 

1350 
1850 

<1650 

1675 

1350 
1600 

1325 
1750 

<1650 

1600 

1400 
1800 
1600 

1300 
1500 

1325 
1500 

1350 
1575 
1475 

1350 

indicates that the ductile-to-brittle 
transition temperature for the tensile 
test strain rates is very near or above 
room temperature. 

The effects of C and N on tensile 
properties are greatest in the lower 
range (from 65 to 300 ppm). This is 
largely because C and N in a ferrite 
solution have greater effects on tensile 
behavior than do corresponding 
amounts of carbides and nitrides in a 
ferrite matrix. The ferrite solubility 
limit for C and N is a few hundred 
ppm at most. At 0.20 in. strip gage an 
increase in total C and N from 65 to 
300 ppm increases the yield and ten
sile strengths about 7 ksi, each, while 
decreasing elongation some 3 % . At 
0.5 in. plate gage the same increase in 
C and N increases the yield and tensile 
strengths about 12 and 7 ksi, respec
tively, while bringing about a decrease 
in tensile elongation of roughly 13%. 
It is possible that the high level of C 
and N (860 ppm) in Heat E is re
sponsible for the pre-emption of duc
tile failure by cleavage at 0.5 in. 
gage. 

The effect of Ti on plate tensile 
properties is minor. However, at 
0.020 in. strip gage. Ti has a decided 
softening effect especially at the 125 
ppm total C and N level where a 1200 
ppm addition lowers the yield and 
tensile strengths about 8 ksi. The vari
ation in effect with gage is possibly 
related to grain size or grain boundary 
area especially if C and N (unget-
tered) are fundamental to grain 
boundary strengthening. 

The residual elements, other than C 
and N, have no major effect on tensile 
behavior. 

Thus, at strip gages the tensile 
properties of all heats are good and 
there is little variation with changes in 
purity. However, at 0.5 in. gage, max
imum total C and N levels may have 
to be below 860 ppm to avoid the risk 
of cleavage failure at low plastic 
strains. Furthermore, the low C and N 
levels (near 125 ppm) appear to 
provide superior tensile properties. 

Impact Behavior 
The ductile-to-brittle transition 

temperatures for the various alloys 
are given in Table 4 as determined by 
Charpy V-notch testing. The data for 
electron beam melted material at 0.5 
in. gage is from the literature.4 It is at 
once clear that the transition tempera
tures are a function of gage. The 
lower transition temperatures meas
ured for the lighter gages can be 
attributed to finer grain size and to a 
greater role of plane stress, as op
posed to plane strain, fracture 
mechanics. The transition tempera
tures for 0.060 in. gage are roughly 
400F lower than those for 0.5 in. 
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gage. 
The effects of O and the elements 

of Group 2 (Mn and Si) on impact 
transition temperature are small. 
However, the net effect of the ele
ments of Group 1 (P, S, Cu, and Ni) 
is large, tending to raise the impact 
transition temperature 100 to 200F at 
the 130 ppm total C and N level. 

The effect of C and N on impact 
transition temperature is quite pro
nounced, additions of the elements 
tending to raise the transition temper
ature particularly at the lower C and 
N levels and at the 0.5 in. gage. At the 
0.5 in. gage, water quenched condition 
an increase in total C and N from 128 
to 310 ppm apparently raises the tran
sition temperature 150F. This effect is 
quite similar to the effects of C and N 
observed by Binder and Spendelow.1 

The effect of Ti varies considerably 
with C and N level. At the 850 ppm C 
and N level the effect of 0.45% Ti is 
to lower the transition temperature 25 
to 100F. However, at the 120 ppm C 
and N level the effect of 0.12% Ti is 
to raise the transition temperature 
from 120 to 275F. At the 300 ppm C 
and N level the effect of Ti is mixed. 
It is possible that Ti, either in solid 
solution or in carbonitride form, is 
inherently embrittling and that at the 
lowest C and N levels this embrittling 
effect dominates the effects of C and 
N gettering. Alternatively, it is pos
sible that the rigorous gettering associ
ated with the higher Ti to total C and 
N ratios found in the lowest C and N 
alloys reduces the available C to a 
level producing increased brittleness. 
Honda and Taga5 have observed brit
tleness in Fe with C at an extremely 
low level and this phenomenon has 
recently been reviewed by Low.6 Per
haps extensive gettering of C with Ti 
leads to similar behavior. 

In essentially all cases water 
quenching from the anneal produces a 
lower transition temperature than that 
measured for air cooled material. This 
effect is especially noticeable at the 
lower C and N levels and with Ti 
additions. This phenomenology sug
gests that quenching suppresses some 
form of embrittling precipitation in
volving C and N. Presumably such 
quenching is ineffective in suppressing 
all the precipitation when the levels of 
C and N, not gettered by Ti, are high. 
There is some indication that the 
effect of quenching is slightly reduced 
at the very lowest levels of non-Ti 
gettered C and N (i.e. those levels in 
Heat A and in Ti-bearing heats with 
high ratios of Ti to total C and N ) . 
This may be an indication that the 
embrittling effects of the proposed C 
and N precipitate are lessened as the 
amount of precipitate is reduced to 
the lowest levels. 

Table 3—Tensile Properties 

Heat 

A 

B 

C 

D 

E 

F 

G 

H 

1 

J 

K 

• 0 . 2 % 

C + N, 
ppm 

65 

132 

128 

310 

860 

332 

300 

900 

106 
(1200 Ti) 

300 
(2200 Ti) 

850 
(4500 Ti) 

offset. 

Residual 
elements 

S, P, Mn 

— 

Gl 

Gl, g2 

Gl, g2 

Gl, 0(5X), g2 

Gl, G2 

Gl, G2 

— 

Gl, g2 

Gl, G2 

Gage, 
in. 

0.5 
0.06 
0.02 
0.5 
0.06 
0.02 
0.5 
0.06 
0.5 
0.06 
0.02 
0.5 
0.06 
0.02 
0.5 
0.06 
0.5 
0.06 
0.02 
0.5 
0.06 
0.02 
0.5 
0.06 
0.02 
0.5 
0.06 
0.02 
0.5 
0.06 
0.02 

Yield 
strength,* 

ksi 

46 
61 
58 
53 
53 
56 
53 
58 
60 
61 
64 
58 
61 
62 
57 
54 
57 
64 
65 
56 
63 
62 
48 
50 
50 
54 
55 
55 
55 
60 
58 

Tensile 
strength, 
ksi 

65 
76 
72 
67 
72 
72 
65 
72 
71 
76 
76 
60 
77 
79 
72 
72 
71 
79 
80 
73 
81 
81 
64 
74 
75 
74 
75 
77 
75 
80 
82 

% 
44 
23 
32 
33 
38 
33 
37 
38 
29 
35 
30 
3 

31 
30 
33 
32 
28 
34 
28 
32 
33 
27 
33 
36 
34 
36 
34 
31 
34 
31 
28 

Thus all of the purity levels studied 
produce 0.060 in. gage material tough 
enough for most applications. At 0.5 
in. plate gage, only the Ti-free, 
quenched heats with no more, than 
roughly 130 ppm C and N and gener
ally low Group 1 residuals have useful 
toughness. (There is some indication 
that reduction of total C and N to 65 
ppm more than offsets the effects of 
commercial residual level S and small 
quantities of P and Mn.) . At roughly 
0.125 in. gage, alloys of this purity 
have excellent toughness, even as air 
cooled. Furthermore, with water 
quenching, such allovs can tolerate 
even the presence of Group 1 residu
als and still retain fairly good tough
ness at 0.125 in. gage. Fe-26Cr-lMo-
Ti alloys with up to 300 ppm total C 
and N also possess fairly good tough
ness at 0.125 in. gage in the as-
quenched condition. 

Weld Testing 
Table 5 summarizes the weld test

ing. Weld ductility, as indicated by 
U-bend tests, seems to be adversely 
affected by commercial electric arc 
furnace levels of Mn and Si and by an 
increase in O to about five times the 
commercial electric arc furnace level. 
No detrimental effects of C and N are 
shown by these tests. The addition of 
Ti to the highest purity vacuum induc
tion melted heat induces weld brit

tleness. 
The weld transition temperature is 

considerably affected by C and N. 
Increases in total C and N from about 
100 ppm to about 300 ppm can be 
associated with a 100F increase in 
transition temperature. No significant 
effects of other residuals on impact 
toughness are observable. Again, the 
effect of Ti depends on total C and N 
level, tending to raise weld transition 
temperature at C and N levels of 120 
ppm and tending to lower weld transi
tion temperature at levels of 300 ppm 
and higher. 

The degree of heat affected zone 
sensitization, as indicated by inter
granular attack in hot HNO3-HF so
lution, is clearly correctable with C 
and N content, being noticeable only 
for the two alloys containing about 
850 ppm C and N and no Ti. Ti was 
effective in suppressing weld sensitiza
tion at this C and N level. 

Thus at 0.060 in. gage the Ti-free 
alloys with 310 ppm C and N or less 
and low Mn and Si possess good 
weldability. Furthermore, with the ad
dition of Ti the roughly 850 ppm C 
and N alloys become quite weldable 
even with Mn and Si. Ti is useful in 
improving the weldability of the 300 
ppm C and N level alloys also. How
ever, the 120 ppm C and N level 
alloys lose weld ductility when Ti is 
added. 
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Table 4 -

Heat 

A 

B 

C 

D 

E 

F 

G 

H 

1 

J 

K 

- Impact Trar 

C + N, 
ppm 

65 

132 

128 

310 

860 

332 

300 

900 

106 
(1200 Ti) 

300 
(2200 Ti) 

850 
(4500 Ti) 

sition Temperatures 

Residuals 

S, P, Mn 

G l 

G l , g2 

G l , g2 

G l , 0(5X), g2 

G l , G2 

G l , G2 

— 

G l , g 2 

G l , G2 

Gage, in . 

0.500 

0.060 
0.500 

0.135 

0.060 
0.500 

0.135 

0.060 
0.500 

0.140 

0.060 
0.500 

0.126 

0.060 
0.500 

0.135 

0.060 
0.500 

0.137 

0.060 
0.500 

0.140 

0.060 
0.500 

0.119 

0.060 
0.500 

0.116 

0.060 
0.500 

0.124 

0.060 

ChJ rpy V-Notch 
duc t i le to b r i t t l e 

t rans i t ion tempera tu re 

less 

less 

less 

than 75F 
- 70F 
than -100F 

150F 
- 75F 
— 40F 
-100F 
than -100F 

300F 
150 F 

50 F 
15F 

— 50F 
375F 
300F 
200 F 
100F 

-100F 
400 F 
375F 
200F 
190F 

OF 
350F 
250F 
200F 
150F 

-100F 
325 F 
275 F 
175F 
100F 

OF 
400 F 
325F 
200 F 
100F 

OF 
275 F 
200F 
100 F 
20 F 

- 1 0 0 F 
375F 
250F 
150F 
30F 

- 50F 
375F 
225 F 
160 F 
100 F 

- 50F 

Anneal 

1600 F, AX 
1600F, WQ 
1450F, AC 
1800F, AC 
1800 F, WQ 
1650F, AC 
1650F, WQ 
1575F, AC 
1800F, AC 
1800F, WQ 
1650F, AC 
1650F, WQ 
1575F, AC 
1800F, AC 
1800F, WQ 
1650F, AC 
1650F, WQ 
1575F, AC 
1800F, AC 
1800 F, WQ 
1650F, AC 
1650 F, WQ 
1575F, AC 
1800F, AC 
1800F, WQ 
1650F, AC 
1650F, WQ 
1575F, AC 
1800F, AC 
1800F, WQ 
1650 F, AC 
1650 F, WQ 
1575F, AC 
1800F, AC 
1800F, WQ 
1650F, AC 
1650F, WQ 
1575F, AC 
1600F, AC 
1600F, WQ 
1550F, AC 
1550F, WQ 
1575F, AC 
1600F, AC 
1600F, WQ 
1550F, AC 
1550F, WQ 
1575F, AC 
1600F, AC 
1600F, WQ 
1550F, AC 
1550F, WQ 
1575F, AC 

Corrosion Testing 
Tables 6 and 7 display the corrosion 

resistances of various alloys. Table 6 
shows much more clearly than in Ta
ble 5 the relative susceptibilities of the 
several heats to sensitization and in
tergranular attack in hot HNd 3 -HF. 
Heat A with 65 ppm C and N shows 
no "sensitization temperature." Heat 
B with 132 ppm C and N sensitizes 
during a 1900F anneal. The Ti-free 
alloys with 300 or more ppm C and N 
sensitize during anneals at 1750F. The 
rates of attack in the sensitized condi
tions are also a function of C and N, 
the rates being roughly proportional 
to the total C and N. Ti suppresses 

sensitization to a considerable degree. 
In the case of the alloys with about 
850 ppm C and N, the addition of Ti 
to the extent of 5.2 times (by wt) , the 
C and N content protects the alloy 
from sensitization even during a 
1900F anneal. At the 300, and espe
cially the 120, ppm C and N level the 
addition of Ti is slightly less effective 
even though added at ratios to C and 
N of 7.7 and 11.3, respectively. There 
is evidence of sensitization in both of 
these alloys after the 1900F anneal. 
Nonetheless, the rates of attack are 
about 13 and 4 times lower for the 
120 ppm and 300 ppm and C and N 
levels, respectively, than for the simi

lar alloys without added Ti. Thus, it 
seems that in the range of C and N 
studied, Ti is effective in suppressing 
sensitization and the extent of the 
suppression is related to the total Ti 
present and not to the ratio of Ti to 
total C and N. 

These results are comparable to 
previous observations on lower Cr fer
ritic stainless steels. Lula, Lena, and 
Kiefer7 have noted the effect of Ti 
increasing "sensitization tempera
tures" in 430 stainless steel. Bond8 has 
found that C and N levels as low as 20 
and 95 ppm, respectively, must be 
reached if sensitization is to be 
avoided in 17% Cr stainless steels. 

Even though the duration of testing 
is different, the compositional require
ments to avoid sensitization in welding 
seem less severe than those for 1900F 
annealing and air cooling. This is pos
sibly due to the fast cooling rate 
experienced in the weld heat affected 
zone. Lula, Lena, and Kiefer7 have 
observed that sensitization may be 
suppressed in ferritic stainless steels by 
severe quenching. 

Table 7 displays the relative general 
corrosion resistance of the alloys in 
several media. There is no consistent 
difference in the corrosion resistance 
of the several metals but there is an 
indication that the addition of Ti is 
mildly beneficial to general corrosion 
resistance. 

Overall Comparisons 
Table 8 summarizes qualitatively 

the most questionable engineering 
properties of this Fe-26Cr-lMo alloy 
system for the variations studied. It is 
unfortunate that the TIG weld data is 
confined to the lighter 0.060 in. gage. 
However, welding at heavier gages 
would surely involve a filler metal and 
fusion welds or welds with base plate 
filler metal would not accurately 
reflect the potential weldabilities of 
the alloys. Nonetheless, weldability at 
0.060 in. gage is of relevance to tube-
making and numerous other proc
esses. Thus, with some uncertainty 
regarding plate weldability, several 
generalizations may be made. At 
0.060 in. gage and below, acceptable 
Fe-26Cr-lMo alloys can be produced 
containing as high as 310 ppm total C 
and N so long as Mn and Si are 
reduced substantially below conven
tional, electric arc furnace melting 
levels and so long as O is not above 
conventional levels. With the addition 
of Ti, Fe-26Cr-lMo alloys with 300 
to 850 ppm total C and N have 
acceptable properties at 0.060 in. gage 
even with the presence of convention
al electric arc melting levels of Mn 
and Si. Furthermore, with Ti, the 300 
ppm total C and N alloy seems suit
able for gages as high as 0.116 in. 
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This would be especially true if the 
material were cold rolled from 0.250 
in. gage, for example. In the absence 
of Ti only the alloys containing 132 
ppm or less C and N seem adequate 
for use at gages of 0.135 in. and 
above. Furthermore at 0.5 in. gage 
only the alloys with these low C and N 
levels and reduced levels of one or 
more of the Group 1 residuals arc 
acceptable. Ti cannot be used with 
these low C and N levels due to its 
detrimental effects on weldability and 
toughness. 

Thus, in summary, an acceptable 
quality Fe-26Cr-lMo-Ti alloy can be 
prepared at and below 0.126 in. gage 
with a C and N level of 300 ppm and 
at 0.060 in. gage with C and N from 
300 to 850 ppm. Heavier gages re
quire a Ti-free alloy with C and N 
levels more in the range of 100 ppm 
and control of at least one or more of 
the Group 1 residuals. 

Primary Conclusions 
1. In order to have acceptable 

properties at 0.5 in. plate gages, Fe-
26Cr-lMo alloys must be produced 
with total C and N levels as low as 
about 125 ppm and with one or more 
of the residual elements P, S, Cu and 
Ni approximately an order of magni
tude below the level commonly found 
in electric furnace processed conven
tional stainless steels. Increased levels 
of P and S, perhaps to conventional 
commercial levels, can be tolerated if 
the total C and N contents are near 
65 ppm. The addition of 1200 ppm Ti 
to Fe-26Cr-lMo alloys with C and N 
levels near 100 ppm is detrimental to 
toughness and weldability. 

2. Fe-26Cr-lMo alloys with 
roughly 300 to 900 ppm total C and 
N and conventional ferritic stainless 
steel residual levels are generally char
acterized by poor toughness at gages 
above about 0.130 inches. At strip 
gages of 0.020 and 0.060 in., tough
ness and ductility are acceptable al-
through weldability is often poor. 
However, the addition of Ti improves 
the toughness and ductility of these 
alloys such that Fe-26Cr-lMo-Ti al
loys with 300 ppm total C and N (and 
2200 ppm Ti) have acceptable tough
ness and weldability at gages of 0.126 
in. and below and Fe-26Cr-lMo-Ti 
alloys with 850 ppm C and N (and 
4500 ppm Ti) have acceptable tough
ness and weldability at gages of 0.060 
in. and below. 

Secondary Conclusions 

1. In the range from 65 to 900 
ppm, increases in total C and N con
tent have little effect on hot rolled 
recrystallization of Fe-26Cr-lMo ex
cept to lessen grain growth rates 
somewhat. Little effect of the other 

residual elements is observable. The 
addition of Ti (at 5 to 11 times the 
total C and N level) lowers the hot 
rolled recrystallization temperature 
roughly 100 to 200F. Lower hot 
working finish temperatures are asso
ciated with lower hot rolled recrystal
lization temperatures and finer recrys
tallized grain sizes. 

2. Cold rolled recrvstallization be
havior was unaltered by the addition 
of Ti or any of the residual element 
variations studied. 

3. At 0.5 in. plate gage an increase 
in total C and N from 65 to 300 ppm 
increases the yield and tensile 

strengths about 12 and 7 ksi, respec
tively, while bringing about a decrease 
in tensile elongation of about 13%. At 
0.020 in. strip gage the same increase 
in C and N increases both the yield 
and tensile strengths about 7 ksi while 
decreasing tensile elongation by about 
3 % . 

4. The effect of Ti on plate tensile 
properties is minor. However, at 
0.020 in. strip gage Ti has a decided 
softening effect especially at the 125 
ppm total C and N level where a 1200 
ppm addition lowers the yield and 
tensile strengths about 8 ksi. 

5. Generally, the ductile-to-brittle 

Table 5—Weld Evaluations 
CVN transition Intergranular 

temperature, °F attack at 160F 

Heat 

A 
B 
C 
D 
E 
F 
G 
H 
1 

J 

K 

* t = 

C + N, 
ppm 

65 
132 
128 
310 
860 
332 
300 
900 
106 

(1200 Ti) 
300 

(2200 Ti) 
850 

(4500 Ti) 

Residuals 

S, P, Mn 

— 
G l 

G l , g2 
G l , g2 

G l , 0(5X), g2 
G l , G2 
G l , G2 

— 

Gl , g2 

G l , G2 

thickness of str ip. 

Table 6—Suscept 

Heat 

A 
B 
D 
E 
G 
H 
1 

J 

K 

C + N, 
ppm 

65 
132 
310 
860 
300 
900 
106 

(1200 Ti) 
300 

(2200 Ti) 
850 

(4500 Ti) 

Bend test 

passed 180°, Y2t* 
passed 180°, y2\ 
passed 180°, Y2\ 
passed 180°, y2X 
passed 180°, I t 
fa i led 135°, l t 
fa i led 135°, l t 
fa i led 135°, l t 
fa i led 135°, l t 

passed 180°, \7\ 

passed 180°, Y2t 

Weld 

- 1 0 0 
- 1 0 0 
- 1 0 0 

0 
0 
0 

- 25 
75 

- 25 

- 1 0 0 

- 25 

Base for 15 minu tes in 
plate 15% HNO,,—3% HF 

<—100 
< - 1 0 0 

- 50 
- 1 0 0 

0 
- 1 0 0 

0 
0 

- 1 0 0 

- 50 

- 50 

ibilities to Sensitization and Intergranular Attack 

Residuals 

S, P, Mn 

— 
G l , g2 
G l , g2 
G l , G2 
G l , G2 

— 

G l , g2 

G l , G2 

not detec tab le 
not detectab le 
not detec tab le 
not detectab le 
some attack 
not detectab le 
not detectab le 
some attack 
not detectab le 

not detec tab le 

not detectab le 

Weight loss of 30g spec imen in hot 15% HN0 3 — 
. 3% HF in 45 m inu tes 

1450° F 1600° F 

15 eg 
17 
22 
4 

11 
5 
4 

3 

5 

7 
17 
15 

9 
6 
6 
5 

4 

4 

af ter var ious annea ls — 
1750° F 

7 
16 
95 

147 
61 

185 
7 

7 

5 

1900° F 

8 
61 

237 
421 
99 

274 
17 

12 

6 

Table 7—General Corrosion 
Anodic polarization 

test (5% H,SO,) 10% boiling 10% boilinglO% boiling 

Heat 

A 
B 
D 
G 
1 

J 

K 

C + N, 
ppm 

65 
132 
310 
860 
106 

(1200 Ti) 
300 

(2200 Ti) 
850 

(4500 Ti) 

Residuals 

S, P, Mn 

— 
G l , g2 
G l , G2 

— 

G l , g 2 

G l , G2 

milliarm 
Act ive 

0.70 
0.25 
0.45 
0.95 
0.25 

0.95 

0.60 

ps /sq cm 
Passive 

0.0015 
0.0019 
0.0021 
0.0020 
0.0020 

0.0012 

0.0020 

(7 days), 
mpy 

27.6 
14.4 
4.8 

21.6 
1.2 

4.8 

1.2 

(7 days), 
mpy 

0.04 
0.00 
0.01 
0.28 
0.01 

0.00 

0.00 

(7 days) , 
mpy 

6.1 
9.8 

10.2 
13.8 
0.0 

0.0 

2.9 
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Table 

Heat 

A 

B 

C 

D 

E 

F 

G 

H 

1 

J 

K 

8—Qualitat 

C + N, 
ppm 

65 

132 

128 

310 

860 

332 

300 

900 

106 
(1200 Ti) 

300 
(2200 Ti) 

850 
(4500 Ti) 

ve Summary of 

Residuals 

S, P, Mn 

Gl 

G l , g2 

G l , g 2 

G l , 0(5X), g2 

G l , G2 

G l , G2 

— 

G l , g 2 

G l , G2 

Questionable Engineerin 

Gage, in. 

0.500 
0.02-0.06 
0.500 
0.135 
0.02-0.06 
0.500 
0.135 
0.02-0.06 
0.500 
0.140 
0.02-0.06 
0.500 
0.140 
0.02-0.06 
0.500 
0.135 
0.02-0.06 
0.500 
0.135 
0.02-0.06 
0.500 
0.140 
0.02-0.06 
0.500 
0.119 
0.02-0.06 
0.500 
0.116 
0.02-O.06 
0.500 
0.124 
0.02-0.06 

Duct i l i ty 

excel lent 
sat isfactory 
good 

excel lent 
good 

excel lent 
good 

good 
poor 

good 
good 

good 
good 

good 
sat isfactory 

good 
good 

good 
good 

good 
good 

good 

g Properties 

Toughness 

good 
excel lent 
good 
good 
excel lent 
poor 
sat is factory 
good 
poor 
poor 
excel lent 
poor 
poor 
sat is factory 
poor 
poor 
excel lent 
poor 
poor 
sat isfactory 
poor 
poor 
sat is factory 
poor 
sat isfactory 
excel lent 
poor 
sat is factory 
good 
poor 
poor 
good 

Weldab i l i t y 

excel lent 

excel lent 

excel lent 

sat is factory 

poor 

poor 

poor 

poor 

poor 

good 

good 

transition temperatures for the several 
26Cr-lMo alloys are some 400F low
er for the 0.060 in. gage than for the 
0.5 in. gage. The presence of certain 
of the residuals P, S, Cu, and Ni at 
conventional electric arc melting 

levels can result in a 100 to 200F 
increase in ductile-to-brittle transition 
temperature. A simiiar sized effect 
results from an increase in total C and 
N from about 125 to 300 ppm. 

6. In a 26Cr-lMo alloy with 850 

ppm total C and N, the effect of Ti is 
to lower the transition temperature 
approximately 25 to 100F whereas at 
a total C and N level of 120 ppm the 
effect of Ti is to raise the transition 
temperature roughly 120 to 275F. 

7. The effects of total C and N and 
Ti on weld toughness are analogous to 
the effects of these elements on base 
plate toughness. 

8. Either Mn or Si, or both, in the 
amounts generally found in electric 
arc melted alloys, are detrimental to 
the weld ductility of 26Cr-lMo alloys. 
An increase in O to five times the 
conventional level is also detrimental. 

9. Ti refines the as-welded grain 
size. 

10. Sensitization and susceptibility 
to intergranular attack in 26Cr-lMo 
alloys are directly related to increased 
C and N content and are suppressed 
by the addition of Ti. 

11. General corrosion resistance is 
not greatly affected by variations in 
purity in the range studied. 
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