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Delta Ferrite and Martensite Formation 
in Stainless Steels 
From studies of 70 chill-cast stainless steel alloy types, 
nickel- and chromium-equivalents of 13 elements are 
evaluated for use in a revised Schaeffler diagram 

BY F. C. HULL 

ABSTRACT. The effects of composi
tion on delta ferrite and martensite 
formation were studied in chill-cast 
experimental stainless steel alloys. 
Nickel content was varied in each of 
seventy different alloy types to pro
duce structures ranging from fully 
stable austenite to ones containing 
high percentages of delta ferrite or 
martensite. The nickel or chromium 
equivalents of Mn, Mo, Si, V, W, Ti, 
Cb, Ta, Al, C, N, Co and Cu were 
evaluated by regression analyses. 

Introduction 

Control of the structure of stain
less steel weld deposits and castings 

F. C. HULL is Advisory Metallurgist, West
inghouse Research Laboratories, Pitts
burgh, Pa. 15235. 

Paper presented at 54th Annual AWS 
Meeting held in Chicago during April 2-6, 
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is important because the microstruc
ture of the steel influences many of its 
properties. For example, a certain 
amount of delta ferrite in stainless 
steel increases yield and tensile 
strength, improves the resistance to 
stress-corrosion cracking, reduces 
hot cracking in deposited weld metal, 
and reduces hot tearing in castings. 
Adverse effects of delta ferrite for 
some applications might include the 
higher magnetic permeability of alloys 
containing ferrite, or the decrease of 
impact strength during long-time 
high-temperature service through an 
increase in the rate of sigma phase 
formation. 

Even though an alloy may be fully 
austenitic at high temperatures, if the 
total alloy content is low enough, a 
spontaneous transformation from 
austenite to martensite may occur on 
cooling. The temperature at which 
this transformation starts is called the 

Table 1 — Comparison of Delta Ferrite Contents of Welds and Castings with those of 
Remelted and Chill Cast Pins 

Material 

Type 307 stainless steel 
covered electrode weld, 
as deposited 

Babcock and Wilcox 
type 16-8-2 stainless 
steel covered electrode 
weld, as deposited 

CF-8 stainless steel 
valve casting 

% delta ferrite 
in original 

weld or casting 

5.2 

1.0 

18.0 

% delta ferrite 
in remelted and 

chil l cast pin 

6.2 

0.5 

19.0 

M?: temperature, and it is consider
ably below the temperature at which 
austenite and ferrite would be at equi
librium. Deformation will cause the 
martensite reaction to occur at a tem
perature Md, which is closer to the 
equilibrium temperature, because 
strain facilitates the transformation. 
Because of the adverse effect of un
controlled transformation on dimen
sional stability and magnetic perme
ability, it is preferable to avoid mar
tensite in alloys for such applications 
as cryogenic ball valves or liquid 
hydrogen or helium bubble cham
bers used to study nuclear particle 
reactions. 

In order to facilitate the task of the 
alloy designer, who must obtain such 
particular combinations of physical, 
mechanical and chemical properties 
in weld deposits or castings as de
scribed above, the effects of fifteen 
elements on delta ferrite and marten
site formation in stainless steels were 
experimentally measured. The re
sults are expressed in terms of nickel 
and chromium equivalents of the ele
ments for use in a revised Schaeffler 
diagram. 

Experimental Procedure 

Sample Preparation 

For two previous studies12 of the 
effects of composition on hot crack
ing, levitation melting was used be
cause it provided a rapid and inex
pensive method for the preparation of 
a large number of alloys. In the pres
ent instance, in order to determine 
whether small levitation melts-chill-
cast in copper molds could be used to 
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Fig. 1 — Effect of nickel on the structure of a cast stainless steel containing 14% Cr 

simulate the microstructures of welds 
and castings, charges cut f rom two 
welds and a 7500 lb stainless casting 
were remelted and cast as small pins. 
As Table 1 shows, there was a good 
correlation between the delta ferrite 
contents of the three pins and those of 
the original materials. Since the cool
ing rate of these miniature castings is 
comparable to that of weld deposits, 
the structures produced and the com
position correlations with the phase 
structure would be reasonably rep
resentative of as-deposited welds. 

The test specimens for this study 
were prepared from materials which 
were pressed into 25-gram com
pacts, levitation melted in an argon 
atmosphere and chill-cast as ap
proximately 2 in. long by VA in. diam 

tapered pins in copper molds. Vigor
ous stirring of the molten drop by the 
current of the high frequency induc
tion coil insured that the melt was 
homogeneous prior to casting. Ap
proximately 1400 specimens were 
prepared for this investigation. 

Melting Stock 

The materials used for melting 
stock were electrolytic grades of Fe, 
Cr, Ni, Co, Mn and Mn nitride; and 
pure grades of Al, Si, W, Mo, V, Cb, 
Ta, Cu, Ti and graphite. Typical levels 
of impurities (S, P and O) in the cast
ings and of several of the elements 
when they were not added inten
tionally (Mn, Si, N and C) are shown in 
Table 2. 

Alloy Compositions 

The al loying element addi t ions 
were made primarily to simple Cr-Ni 
stainless steels, although several se
ries of heats contained 4, 8, 11 , 14 or 
20% Mn. These levels of manganese 
are much higher than those specified 
for the AISI 300 series of commercial 
stainless steels. 

The recovery of alloying elements 
during melting was determined on a 
number of representative melts and 
typical nominal and analyzed com
positions are given in Table 3. The 
losses for Cr, Ni and Mn were con
sidered negligible for the purposes of 
this investigation and nominal com
positions were used in the regression 
analyses. For the other alloying ele
ments, the analyzed values were 
used. In the absence of an analysis, 
when these elements were added in 
smaller or larger amounts, the same 
fractional recovery was assumed. For 
example, the nominal 2% W alloy was 
assumed to have an actual composi
tion of 2/5 of 4.54 or 1.82% W. 

For each of the alloy series, in 
which chromium and one or more 
other alloying elements were held 
constant, 20 specimens on the aver
age were cast with nickel varying over 
about a 12% range to include com
positions, at the high side of the nickel 
range, which were fully austenitic as-
cast or if deformed at - 3 2 0 F 
( -196 C) and, at the low end of the 
nickel range, until more than 30% 
delta ferrite and/or martensite was 
present. 

The seventy alloy types studied in 
this investigation and listed in Table 4 
included steels with the following 
ranges of composit ion in weight %: 
12-24 Cr, 0-22 Ni, 0-20 Mn, 0-6 Mo, 0-
4 Si, 0-4 V, 0-5 W, 0-2 Ti, 0-4 Cb, 0-4 
Ta, 0-2 Al, 0-6 Co, 0-4 Cu, 0-0.1 C and 
0-.15 N. Of the nine alloys in Series 

& 60 

o 

ro 

s "° 40 
Q3 

<U 

£ 20 

n 

D D 

\ 
\ Cooled N ^ 

\ y io-320°F 

\ 

\V-As Cast 

1 o . c. 

1 1 
Class I I 

Deformed 
/""""at - 320°F 

\ 
D v 

\ 
X 

D 

—oa—c*—o»— 

— 

—dt—as—*a» 
10 

Class I I I 

12 14 16 18 20 
• Nickel 

Fig. 2 — Effect of nickel on the structure of a cast stainless Fig. 3 — Effect of nickel on the structure of a cast stainless steel con-
steel containing 14% Cr and 1% Al tainlng 16% Cr and 4% Mn 

194-s I M A Y 1 9 7 3 



12 14 
Nickel 

Fig. 4 — Effect of nickel on the structure of a cast stainless steel con- Fig. 5 — Effect of nickel on the structure of a cast stainless 
taining 19% Cr, 1% Mn and 0.5% Si steel containing 16% Cr and 2% V 

62-70, the first four represent extra 
low carbon versions of AISI Types 
304, 316, 321 and 347 stainless steels, 
and the remaining steels contain two 
or three alloying elements in addition 
to Cr, Ni, Mn and Si. 

Magnetic Measurements 

The Aminco-Brenner Magne-Gage 
was used to determine the delta fer
rite content of the stainless steel 
samples.3"5 The values reported are 
the average of five readings taken 
on longitudinal and transverse sec
tions of the cast pins. The accuracy of 
this and other methods for measur
ing the ferrite content of weld de
posits has been summarized by Ratz 
and Gunia.6 In order to measure high 
levels of delta ferrite or martensite, we 
extended the range of the gage to 
75% ferrite by calibrating it with a se
ries of iron-tin powder compacts.7 The 
gage, of course, does not distinguish 
between delta ferrite and martensite, 
if both of these ferromagnetic phases 
are present, and one must then resort 
to microscopic examination to deter
mine their relative proportions. 

Martensite Transformation 

The effects of composition on the 
transformation of austenite to marten
site at -320 F were determined by 
cooling the specimen in liquid nitro
gen and measuring the % (ferrite + 
martensite) after the specimen was 

returned to room temperature. For 
example, in Fig. 1, it is seen that an 
as-cast alloy of 14% Cr and 14% Ni 
was fully austenitic. However, when 
the sample was cooled to -320 F in 
liquid nitrogen and reheated to room 
temperature, it was found that 13% 
martensite had formed. 

For the study of martensite trans
formation during deformation at low 
temperatures, specimens Vi in. diam 
and 5/16 in. high were upset to a 50% 
reduction in height in a hydraulic 
press between 1 in. square by V£ in. 
thick blocks, the specimens and 
blocks being first cooled in liquid 
nitrogen. In the same 14% Cr, 14% Ni 
alloy mentioned above, 58% marten
site formed during cooling to and 
deformation at -320 F. 

Experimental Results 

Curves of % (ferrite and marten
site) versus % nickel were plotted 
from the test data for each alloy se
ries. Since it is not practical to include 
all of the curves in this paper, the per
tinent results are summarized in tabu
lar form. Table 4 lists the nominal 
compositions and the specific values 
of % Ni for 0, 2, 5, 10 and 15% delta 
ferrite and the % Ni for Ms = -320 F 
and for Md = -320 F for each alloy. 
Reference (a) in the column for 2, 5, 
10 or 15% delta ferrite indicates that 
from the slope of the curve or metal
lographic examination it was con
cluded that martensite was forming 

Table 2 — Typical Levels of Impurities and Other Elements When Not Deliberately 
Added, Wt % 

during cooling to room temperature 
and the Magne Gage reading was not 
giving an accurate delta ferrite eval
uation. 

Discussion of Results 

An examination and comparison of 
the curves mentioned above re
vealed many similarities, so that it was 
possible to describe the general 
characteristics of the 70 alloy types by 
only seven classifications. Typical 
curves illustrating these classes are 
presented in Figs. 1 to 7. Table 4 

Mn 
0.004 

Si 
<0.03 

S 
0.007 

P 
0.006 

O 
0.03 

N 
0.004 

C 
0.004-0.016 

Table 3 — Typical Nominal 
Analyzed Compositions 

Element 
Cr 

Ni 

Mn 
Mo 

Si 
V 

w 
Ti 
Nb 
Ta 
N 
N 
C 
Co 
Co 
Cu 
Cu 
Cu 
Al 
Al 

and 

Weight percent 

Nominal 
16 
16 
20 
12 
15 
15 
14 
1 
2 
4 
6 
3 
3 
5 
2 
2 
2 
0.10 
0.15 
0.10 
3 
6 
2 
3 
4 
1 
2 

Analyzed 
16.0 
15.6 
19.7 
11.2 
14.5 
14.6 
13.5 
0.98 
2.03 
3.97 
6.14 
2.89 
2.98 
4.54 
1.75 
1.62 
1.55 
0.050 
0.11 
0.082 
3.13 
5.97 
1.74 
3.0 
3.9 
1.11 
2.13 

WELDING RESEARCH S U P P L E M E N T ! 195-s 



80 

6 0 -

* 20 

r 
Class VI 

su 

60 

| 40 

a 

n 

i i i 
Class VII 

\ 

1 I i 

1 1 

oAs Cast 
• Cooled to 320°F 
o Deformed at 320°F 

oSv f l 

-

-

-

14 
% Nickel 

Fig. 6 — Effect of nickel on the structure of a cast stainless steel 
containing 16% Cr and 6% Mo 

10 12 
% Nickel 

14 16 18 

Fig. 7 — Effect of nickel on the structure of a cast stainless steel 
containing 16% Cr, 14% Mn and 3% V 

classifies each of the alloys into one of 
these types. 

The Class I curve (Fig. 1) is charac
teristic of steels with low total alloy 
content and low in ferrite formers. The 
distinguishing feature is the absence 
of delta ferrite. The abrupt rise in the 
curve (open circles) for as-cast alloys 
containing 14% Cr and less than 1 1 % 
Ni was due to martensite formed on 
cool ing to room temperature . At 
higher nickel levels the austenite was 
stable at room temperature, but cool
ing to - 3 2 0 F (solid circles) or de
formation at - 3 2 0 F (open squares) 
produced martensite, as illustrated by 

the other two lines in Fig. 1. The inter
cepts of the two lines with the ab
scissa provided the nickel contents at 
which M s and M d = - 3 2 0 F, respec
tively. Alloys with more than the latter 
amount of nickel would be stable at 
liquid nitrogen temperatures even if 
they were severely deformed. 

Class II alloys (Fig. 2) are some
what higher in alloy content and also 
show an abrupt increase in fer-
romagnetism as the nickel content is 
decreased. Alloying with Al, Ti or Cu 
lowered M s to the point that no addi
tional transformation to martensite 
occurred on cooling to - 3 2 0 F. 

The most general case of behavior 
is illustrated by Class III alloys (Fig. 3). 
Ferrite forming elements are suffi
ciently high that about 2-10% delta 
ferrite ispresent in castings containing 
an appropriate amount of nickel, but 
low enough that transformation to 
martensite will occur during cooling to 
- 3 2 0 F and additional transformation 
during deformation at - 3 2 0 F. In this 
alloy the amount of ferrite increased 
gradual ly as the nickel was de
creased from 10% Ni to 8% Ni. Metal
lographic examination showed that 
the abrupt increase in slope of the 
curve (open circles) for alloys with 

Fig. 8 — Effect of nickel and molybdenum on delta ferrite and marten
site formation in chill cast-stainless steels containing 16% Cr 

Fig. 9 — Effect of manganese on the nickel content at which a 
trace of delta ferrite is produced in eight as-cast stainless 
steels. Note that manganese acts as an austenite forming ele
ment below about 6% Mn and as a ferrite promoter above this 
level 
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Table 4 — Nominal Compositions of the Seventy Alloy Series and the Nickel Contents for Various Amounts of Delta Ferrite and Martensite 

Percent nickel for indicated structure 

Alloy 
series 

1 
2 
3 
4 
5 

6 
7 
8 
9 

10 

11 
12 
13 
14 
15 

16 
17 
18 
19 
20 

21 
22 
23 
24 
25 

26 
27 
28 
29 
30 

31 
32 
33 
34 
35 

36 
37 
38 
39 
40 

41 
42 
43 
44 

45 

46 
47 
48 
49 
50 

51 
52 
53 
54 
55 

56 
57 
58 
59 
60 

61 
62 
63 
64 
65 

66 
67 
68 

69 

70 

Nominal composit ion, 

Cr 

14 
14 
14 
14 
16 

16 
16 
16 
16 
16 

16 
16 
16 
16 
16 

16 
16 
16 
16 
16 

16 
16 
16 
16 
16 

16 
16 
16 
16 
16 

16 
16 
16 
16 
16 

16 

16 
16 
16 

16 

16 
16 
16 
16 
16 

16 
16 
12 
20 
17 

17 
18 
18 
18 
18 

18 
20 
20 
20 
24 

24 
19 
17 
18 
18 

17 
15 
19 

19 

16 

M n SI 

4 

4 
4 

4 
4 
4 2 
4 
4 

4 
4 
4 
4 
14 

14 

14 
14 3 
14 
14 

14 
14 
14 
8 
11 

14 
20 
11 
11 

4 

4 
1 .5 
1.5 .75 
.5 .5 

2 

1 1 
1 .5 
2 1 

2 1 

4 .5 

Wt % (bal. Fe) 

Mo 

1 
1 
1 
1 
2 

2 
4 
6 

2 
2 

2 
2 
2 
2 

2.5 

1 
2 

Other 

1 Al 
2 Ti 
2 V 

1 Al 
1 Ti 
2 Ti 
1 V 
2 V 

4 Cb 
4 Ta 
4 Cu 
4 W 

.1 C 

.1 N 
2 Cu 

3 Co 

2 Al 

2 Ti 
2 V 

2 W 
2 Cb 

2 Ta 
3 Co 
6 Co 
3 Cu 

2 Ti 
3 V 

5 W 
2 Cb 

2 Ta 
.10 C 
.15 N 

0.5 Al 

1 A l 

1 Cu 
2 Cu 
1 Al 

4 V 

1 Al 

1 Ti 
1 Cb 

2 W 
1 Cb 

13 Co 
(2 V 

I 3 Co 
12.5 V 

11 Ti,|IV 
(2 W 

Class 

I 
II 
II 
IV 
I 

V 
III 
V 
III 
V 

V 
V 
II 
III 
III 

III 
III 
III 
III 
III 

III 
V 
VI 
III 
V 

V 
V 
III 
III 
III 

IV 
III 
III 
IV 
VI 

VII 
VII 
VI 
VII 
VI 

VI 
V 
V 
V 
V 

VII 
VII 
IV 
VII 
III 

V 
III 
III 
V 
V 

VII 
V 
V 
V 
VII 

VII 
IV 
IV 
V 
V 

V 
V 
V 

VII 

V 

0 

<11 
<12 
<12 

13.5 
<10.5 

12.5 
11.6 
13.6 
12.5 
14.3 

10.5 
10.5 

< 9 
12.5 
12.8 

11.6 
10.6 
10.5 
10.5 
13.0 

11.5 
16.2 
18.8 
10.0 
15.5 

13.0 
13.0 
10.8 
10.4 
9.7 

10.5 
8.6 
7.6 
8.8 

11,0 

14.7 
17.0 
12.0 
13.8 
11.1 

11.2 
8.5 
8.0 

11.5 
12.0 

12.0 
12.5 
8.5 

16.1 
11.5 

13.0 
11.6 
11.5 
10.5 
14.1 

21.7 
13.7 
15.5 
13.4 
18.5 

17.7 
12.4 
13.1 
13.5 
12.0 

13.1 
11.5 
15.0 

16.1 

15.2 

2 

(a) 

(a) 

(a) 
13.3 

(a) 

12.2 
11.4 
13.2 
11.8 
14.0 

10.4 
10.0 

(a) 

12.1 
12.7 

11.1 
9.8 

10.2 
10.3 
12.7 

11.0 
15.5 
16.4 

9.8 
15.4 

12.8 
12.9 
10.0 
10.2 
9.0 

10.2 
8.5 
7.4 
8.5 

10.8 

14.3 
16.8 
11.9 
13.5 
10.9 

11.0 
7.8 
7.7 

11.4 
11.6 

11.8 
12.3 
7.0 

15.9 
11.3 

12.9 
11.2 
11.4 
10.4 
14.0 

20.5 
13.5 
15.3 
13.3 
17.7 

17.4 
12.3 
12.9 
13.3 
11.7 

12.8 
11.3 
14.7 

15.9 

15.0 

Delta ferrite 

5 

11.8 

11.5 
10.5 
11.4 
11.1 
12.8 

8.9 
9.4 

11.3 
11.5 

10.3 
8.5 
9.5 
9.5 

11.1 

8.9 
13.0 
14.8 

8.6 
14.0 

12.0 
12.6 

7.0 
8.5 
8.0 

7.0 
8.3 
7.2 
6.0 
8.0 

13.0 
16.2 
10.5 
12.7 
10.3 

9.0 
6.0 
4.0 

11.0 
10.9 

11.3 
11.2 
4.5 

15.5 
10.6 

12.0 
10.1 
10.5 
10.1 
12.8 

18.0 
12.5 
14.5 
12.9 
16.0 

16.8 
12.0 
12.0 
12.0 
8.8 

11.0 
9.5 

13.5 

15.4 

13.0 

i — % 

10 

(a) 

11.1 
9.8<a) 

10.1 
10.6 
11.1 

8.6 
9.2 

8.7 
9.5 (a) 

10.0 
8.4 
9.3 (a) 

9.2 (a) 

9.9 

8.5 (a ) 

9.7 
12.1 

7.8 
10.0 

9.0 
10.6 
6.5 
6.2 
7.3 

6.4 
7.6 
6.7 
5.6 
4.1 

9.0 
14.2 
6.3 

10.0 
7.0 

6.2 
3.4 
2.0 
7.3 
8.0 

7.8 
8.3 
4.0 

14.1 
10.0 

10.6 
9.4 
8.8 
8.4 

10.6 

15.6 
11.5 
11.3 
10.5 
14.3 

15.6 
8.8 
9.5 
9.8 
8.3 

8.9 
9.0 (a) 

11.5 

13.5 

9.9 

15 

11.0 (a) 

9.9(a) 
10.3 
10.7 

8.5(a) 

9.1 ( a ) 

8.4 

9.9(a> 
8.3 (a) 

9.7 (a) 

8.7 
10.9 

7-4S 9.8(a> 

8.0 
8.9 
6.1 
5.9<a> 
7 0 (a ) 

6.1(a) 

7.0 
6.3 
5.5<a> 
3.9 , a ) 

7.6 
11.2 
6.0 (a» 
6.9 
6.1 

5.5 
2.2 
1.1 
6.3 
6.8 

7.0 
6.2 
3.6^a» 

11.5 
9.8 (a ) 

10.4'a> 
9.2(a) 
8.6(a) 
8.2 (a> 

10.3 

14.0 
10.5 
11.0 
8.5 

12.5 

14.1 
8.4 
8.8 
8.8 
8 . 1 ( a ) 

8.3 

10.0 

11.1 

9.5 

M s = 
- 3 2 0 F 

16.6 
<12 
< 1 2 

12.7 
15.4 

<12.5 
13.0 

<13.6 
14.0 

<14.3 

<10.5 
<10.5 
< 9 

12.6 
13.1 

15.2 
11.4 
12.0 
11.6 
14.5 

13.5 
<16.2 
<18.1 

12.3 
<15.5 

<13.0 
<13.0 

11.7 
11.5 
10.6 

10.0 
11.0 
10.5 

7.9 
<10.2 

<14.7 
<17.0 
< 9.5 
<13.8 
< 8.2 

< 8.7 
<10.5 
< 9.6 
<11.5 
<12.8 

< 1-2.0 
<12.5 

6.4 
<16.1 

12.0 

<13.0 
14.7 
13.0 

<10.5 
<14.1 

<21.7 
<13.7 
<15.5 
<13.4 
<18.5 

<17.7 
10.3 
10.1 

<13.5 
<12.0 

< 13.1 
<11.5 
<15.0 

<16.1 

<15.2 

M d = 
- 3 2 0 F 

22.0 
19.8 
20.2 
18.4 
20.8 

19.2 
19.3 
19.6 
19.1 
17.5 

17.2 
17.0 
15.3 
19.0 
19.5 

20.6 
19.0 
19.0 
18.0 
20.3 

18.8 
19.1 
18.1 
17.7 
16.1 

16.0 
16.1 
17.3 
17.0 
16.1 

16.4 
17.1 
16.0 
14.7 
10.2 

<14.7 
<17.0 

9.5 
<13.8 

8.2 

8.7 
10.5 
9.6 

14.2 
12.8 

<12.0 
<12.5 

14.0 
<16.1 

19.5 

19.0 
20.0 
19.9 
17.6 
18.4 

<21.7 
19.0 
18.0 
16.3 

<18.5 

<17.7 
17.0 
16.3 
17.0 
17.7 

18.0 
17.1 
15.5 

<16.1 

15.8 

(a) Delta ferrite plus martensite. 
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less than 8% Ni was because of the 
onset of martensite transformation on 
cooling to room temperature. The 
microstructure of the as-cast spec
imen containing 7.5% Ni consisted of 
5% ferrite and 13% martensite. 

Since all alloying elements lower 
Ms and Md, as the total alloy content 
increases, the lines showing trans
formation to martensite on cooling to 
-320 F and on deformation at -320 F 
are progressively shifted to the left 
(lower nickel contents). If the alloying 
additions are strong ferrite formers, 
such as Cr, Mo, V, Ti or Al, the delta 
ferrite curve is simultaneously shifted 
to the right to substantially higher 
nickel levels. These opposing shifts in 
the three curves can lead to four other 
types of diagrams: Class IV alloys 
(Fig. 4) in which the Ms line inter
sects the delta ferrite curve, Class V 
alloys (Fig. 5) in which no additional 
transformation occurs during cooling 
to -320 F, Class VI alloys (Fig. 6) in 
which the Mo line intersects the delta 
ferrite curve, and finally Class VII 
alloys (Tig. 7) in which the austenite 
is fully stable at -320 F, i.e., Md 
< -320 F. Metallographic examina
tion showed that the ferromagnetic 
response of the Class VII alloy was 
caused solely by delta ferrite. 

One approach to establishing the 
effects of alloying elements on delta 
ferrite and martensite formation is to 
compare appropriate alloy types with 
one another. For example, 16% Cr 
steels were prepared with 0, 1, 2, 4, 
and 6% Mo. As the content of molyb
denum (a ferrite former) increased, 
the level of nickel also had to be in
creased to maintain a given struc
ture, as illustrated in Fig. 8. The two 
lower curves shown are for 0 and 5% 
delta ferrite. The slopes of these two 
curves, 1.50 and 0.90 respectively, 
are the nickel equivalents of molyb
denum. It will be seen that these de
pend upon the level of ferrite used for 
comparison, but are independent of 
the level of molybdenum. Molybde
num lowers Ms and Md, as demon
strated by the fact that as molybde
num is increased, the nickel content 
must be decreased for the alloy to 
maintain the same degree of sta
bility. 

The effect of manganese on delta 
ferrite formation is of interest be
cause of the considerable amounts of 
manganese added to AISI Type 200 
Series steels and to a number of spe
cialty steels. Figure 9 summarizes the 
results for eight alloys. At levels up to 
about 6%, manganese acted in the 
same way as nickel to reduce delta 
ferrite (i.e., as an austenite former). 
However, at higher levels manga
nese was a ferrite former. 

An alternative way of obtaining the 
nickel equivalents of elements, util
izing all the available data, and at the 
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Table 6 — Effects of Elements on M s and M c 

Lowering of Ms 
in deg F for 

1 % increase of 
indicated element Element 

Ni 
Cr 
Mn 
Mo 
Si 

V 
w 
Ti 
Cb 
Ta 

N 
C 
Co 
Cu 
Al 

106 
85 
97 

100 
67 

230 
77 

325 
91 

136 

5800 
4300 

24 
153 
552 

Lowering of Md 
in deg F for 

1 % increase of 
indicated element 

106 
42 
73 
43 
36 

113 
34 
83 

118 
116 

570 a 

1400 
23 

121 
96 

(a) Term is not statistically significant. 

Table 7 — Nickel and Chromium Equivalent of Elements With Respect to Delta Ferrite 
Formation in Chill Cast Stainless Steels 

Ni-Equiv. 
austenite 

promoters 
+ 1.00 Ni 
+ 0.11 Mn-
0.0086 Mn2 

+ 18.4 N 
+ 24.5 C 
+ 0.41 Co 
+ 0.44 Cu 

Ni-Equiv. 
ferrite 

promoters 
- 0 .94 Cr 
- 1 .14 Mo 
-0 .45 Si 
- 2 . 1 3 V 
- 0 . 6 8 W 
-2 .05 Ti 
- 0 .13 Cb 
-0 .20 Ta 
-2 .33 Al 

Cr-Equiv. 
ferrite 

promoters 
+ 1.00 Cr 
+ 1.21 Mo 
+0.48 Si 
+ 2.27 V 
+ 0.72 W 
+ 2.20 Ti 
+0 .14Cb 
+0.21 Ta 
+ 2.48 Al 

same t ime getting a quantitative eval
uation of the experimental error, was 
to assume that the % Ni at which delta 
ferrite just became nil could be re
lated to the composit ion by an empir
ical equation or model of the form: 
%Ni (for 0%t5) = k0 + k,Cr 

+ k2Mn + 
k3Mo + . . . (1) 

where Cr stands for the weight % Cr in 
the alloy, etc., and the coefficients k0, 
k,, k2, . . ., are constants whose 
values, as determined by a regres
sion analysis, are the nickel equiv
alents of the respective elements. 

The data in Table 4 provided sev
eral levels and many observations of 
Cr, Mn, and Mo so that both first and 
second order terms for these three 
elements were used in the first model. 
However, the squared terms for chro
mium and molybdenum were not sig
nificant. The final model was of the 
form: 

% Ni (for 0% 5) = 
- 4.71 + .92 Cr - .088 Mn + 

.0070 Mn2 + 1.30 Mo + .51 Si 
+ 2.22 V + .69 W + 2.12 Ti + .17 Cb 
+ .32 Ta - 14.6 N - 16.7 C 
- .47 Co - .42 Cu + 2.30 Al (2) 

Table 5 lists coefficients, standard 
errors and F-ratios for the composi
tion terms in this equation. In the 
equation for 0% ferrite, the F-ratio for 
the regression was 60, the standard 
error was 0.7% Ni and the coefficient 
of determination, R2, was 0.95. This 
F-ratio indicates a high degree of sig
nificance for the result. An R2 value of 
0.95 indicates that the model chosen 
accounts for a large percentage of the 
observed var iat ion. Similar equa
tions are listed in Table 5 for calcu
lating the % Ni to obtain 2% b or 5% 5. 

The coefficients for columbium and 
tantalum in Table 5 were not always 
significant, because the shifts in com
position produced by even the rela
tively large amounts of these ele
ments added were small compared to 
the experimental error. Cr, Mo, Si, V, 
W, Ti, Cb, Ta and Al with positive 
coefficients were ferrite formers; Ni, 

C, N, Co and Cu with negative coeffi
cients were austenite formers. Be
cause of its first and second order 
terms, manganese was an austenite 
former at low levels and a ferrite 
former at high levels, confirming the 
observations in Fig. 9. It is obviously 
possible with Eq. 2, if desired, to fix 
the nickel content of an alloy and cal
culate the percent of another ele
ment, such as chromium, that will 
produce 0% ferrite. 

Least square analyses were also 
used to determine the nickel equiv
alents of elements as they affected M s 

and M d . Linear, first order relation
ships were assumed between % Ni for 
M s and Md = - 3 2 0 F and the remain
ing alloy composit ion. Table 5 sum
marizes the results of these calcula
tions. All elements lowered M s and 
M r Eichelman and Hull8 and later 
Monkman, Cuff and Grant9 found that 
nickel in austenitic stainless steels 
lowered M s by 110 and 102 F/% Ni, 
respectively. The effects of the other 
elements on M s , as tabulated in Table 
6, were calculated from the nickel 
equivalents and the average of the 
above coefficients for nickel. 

In simple Cr-Ni stainless steels 
there is some evidence that the 
effects of composition on M d are sim
ilar to their effects on Ms .10 Based on 
the nickel equivalents of elements as 
they affect M d and the assumption 
that the effect of nickel on M d would 
be the same as its effect on M s , the 
lowering of M d for a 1 % addition of 
each element was calculated. These 
results are also listed in Table 6. The 
lowerings of M d for many elements 
were only about one half as great as 
their effects on M s . Of the substitu-
tional alloying elements, titanium and 
aluminum have extraordinarily large 
effects on Ms compared to their 
effects on M d . No explanation for this 
phenomenon has been found. 

Since the effect of nickel on M s is 
known from prior work89 , the equa
tion in Table 5, relating the nickel con
tent for M s = - 3 2 0 F to the alloy com
position, can be rewritten to provide a 
relationship between Ms and compo
sition: 

M s (F) = 2700 - 106(Ni + 
Ni equiv. for M s ) (3) 

In the same way an equation relating 
M d to composit ion can be obtained 
from Table 5: 

M d (F) = 2520 - 106(Ni + 
Ni equiv. for Md) (4) 

The standard errors for these expres
sions are 88 and 69 F, respectively. 

The coefficients of the elements for 
0, 2 and 5% ferrite in Table 5 were 
averaged to arrive at the Ni-equiv-
alents of each element with respect to 
delta ferrite formation. If these are 
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0.45. Finally, in the present study 
(Table 5 and Fig. 9), manganese was 
found to have a dual role: austenite 
promoter at low levels and ferrite pro
moter at high levels. 

The S c h a e f f l e r d i a g r a m 1 6 f o r 
predicting the microstructure of as-
deposited welds utilizes the concept 
of "Equivalent Ni " and "Equivalent Cr" 
contents for handling Cr-Ni steels with 
additions of other elements. The pres
ent paper provides both new and 
modified coefficients for predicting 
structures for a greater variety of 
steels. 

The Ni- and Cr-equivalents in Table 
6 were used to calculate "Equivalent 
Ni" and "Equivalent Cr" contents of 
the 70 alloy types in Table 4. The 
points for 0% ferrite are shown in a 
portion of the Schaeffler diagram in 
Fig. 10. The line through these points 
agrees well with the 0% ferrite line es
tablished by previous work. The posi
tion of the present measured 5% 
ferrite line is also shown in Fig. 10, but 
the points were not plotted because of 
the confusion that would be caused 
by the overlap. The degree of scatter 
was comparable in both cases. 

If t e r m s a re t r a n s p o s e d and 
grouped, Eq. 2 takes a different form 
which is useful in making compar
isons between alloys. Let us define a 
composit ion function, 8, such that 

0 = 5 (Ni equivalents) 

- N i - 4.7 (5) 

Note that (Ni equivalents) in Eq. 5 in
cludes the Ni equivalents of both the 
austenite and ferrite formers for the 
case of 0% ferrite. Alloys for which 8 
<. 0 will be fully austenitic and alloys 
for which 0 > 0 will contain some delta 
ferrite. 8 is a measure of the amount 
of nickel or the equivalent nickel that 
would have to be added to a given 
alloy containing ferrite, to restore a 
fully austenitic structure. It has the 
units of % Ni. 

Equation 5 has the effect of pro
ducing mirror images of the original 
ferrite curves about a vertical axis and 
shifting origins so that all delta ferrite 
curves decrease to zero at 0 = 0. For a 
given alloy type, the larger the value 
of 0, the higher will be the amount of 
ferrite. When the base composit ion is 
different, however, comparisons be
tween alloys can be misleading. Some 
typical curves of % delta ferrite versus 
0 are plotted in Figs. 11 to 14. 

Percent ferrite versus 0 curves are 
conveniently categorized in terms of 
their "effective width" and "height" 
(taken at one half the effective width). 
For example, in Fig. 11, the base alloy 
16% Cr, 4 % Mn had a width of about 
2% Ni (before the rapid rise in % 
ferrite occurred) and a height of 5% 
ferrite. In some cases the rapid rise is 
partially related to martensite forma
tion. An addition of 2% Si increased 
the width to about 4.5% Ni and de
creased the height to 2% ferrite. 
Cobalt, on the other hand, doubled 

the height but did not affect the width. 
It would be very difficult to control 
c o m p o s i t i o n c l o s e l y e n o u g h to 
achieve a specific ferrite content with 
such an alloy because of the steep 
slope of the curve. 

On the other hand, ferrite control 
would be easier in the case of the 
alloy with 2% V, in Fig. 11, since the 
width was 2.5 times as great. The 
effects of Mo, Cr and Mn additions are 
illustrated in Figs. 12, 13 and 14, 
r e s p e c t i v e l y . M o l y b d e n u m and 
manganese increase width substan
tially with a small increase in height, 
whereas chromium increases height 
with only a slight increase in width. 

For practical applications requir
ing precise control of the % ferrite, the 
ideal situation is one in which the 
basic composit ion has an approx
imately horizontal shelf of the proper 
"height" and a large "width" so that 
segregat ion or unintent ional var i 
ations in composit ion will have the 
least effect on the amount of ferrite 
present. The current studies have 
shown that these objectives can be 
achieved by using alloys with about 
1 1 % Mn and 2% Mo to get a large 
effective width and select ing the 
amount of Cr to provide the desired 
shelf level of delta ferrite. These alloys 
are also characterized by excep
tional resistance to hot cracking or 
hot tearing because of the opt imum 
manganese and molybdenum con
tents.2324 Providing cost, properties, 
corrosion resistance and specifica
tions permit, the following three alloys 
could be used to obtain the indicated 
ferrite levels: 

Cr Mn Mo Ni %h 
T2" TT "2~ T~ ~T 
16 11 2 9.5 8 
20 11 2 12 16 

if Si, C and N are present, as is likely in 
commercial steels, the nickel con
tents listed above for high purity 
alloys should be adjusted by the 
methods previously descr ibed to 
compensate for the actual Si, C and N 
contents of the steels. 

60 
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Fig. 11 — Effect of Co, V and Si on the 
shape of the delta ferrite versus d curve 
for alloys containing 16% Cr, 4% Mn, vari
able nickel and balance iron 
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grouped according to austenite or 
ferrite forming tendencies, we obtain 
the results listed in the first two col
umns of Table 7. The Cr-equivalents 
of the ferrite promoters were ob
tained by taking the ratios of the Ni-
equivalents of the elements to the Ni-
equivalent for chromium, for exam
ple, the Cr-equivalent of molybde
num is 1.14/0.94 or 1.21. 

In 1950 Thielsch" summarized the 
nickel and chromium equivalents of 
alloying elements in castings and 
welds as determined by several inves
tigators.12"16 In Table 8 the earlier data 
are compared with more recent 
equivalents determined by Ferree17, 
Runov18, DeLong19, Guiraldenq20, 
Potak and Sagalevich21 and the 
results of the current study. 

In the present investigation, unless 
carbon or nitrogen were intentionally 
added, their contents were very low 
(Table 1). Hence when the effects of 
Ti, Cb and Ta were studied, in alloys 
which were essentially free of carbon 
and nitrogen, it was the solid solution 
effect of Ti, Cb or Ta that was mea
sured. Pryce and Andrews22 deter
mined Cr-equivalents for titanium and 
columbium in annealed, wrought 
stainless steels in order to be able to 
limit delta ferrite in hot rolled prod
ucts. These authors assumed that 
titanium or columbium combined with 
all the nitrogen and all but 0.03% C, 
thus somewhat reducing the effective 
titanium or columbium content of the 
alloys. Potak and Sagalevich21 point 
out that in welds and castings the car
bide and nitride forming tendencies of 
the Ti, Al and Cb must be taken into 
account. 

The previously determined Cr-
equivalents for columbium and tita
nium (Table 8) are considerably 
larger than the coefficients obtained 
in this study. This difference may be 
caused by the fact that in commercial 
steels the removal of carbon and 
nitrogen from solution by titanium and 
columbium represents a decrease of 
austenite formers in solution (which is 
equivalent to a ferritizing effect), in 
addition to the ferrite forming ten
dency of the titanium and columbium 
which remain in solution. If the whole 
effect were to be ascribed to titanium 
or columbium, the coefficients as
signed to these elements would be 
fictitiously high. 

There is disagreement on the effect 
of manganese on the structure of 
weld deposits and castings. Several 
investigators131516 have assigned 
manganese a roie as an austenite 
former with a Ni-equivalent of 0.5. In 
Fig. 38 of Ref. 20, Guiraldenq showed 
that manganese promoted the for
mation of ferrite in as-cast spec
imens containing 18.5% Cr, 7.5 to 
10.5% Ni and 1 to 8% Mn. The Cr-
equivalent of manganese was about 
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F/g. 13 — Effect of chromium on the shape of the delta ferrite versus 0 curve tor alloys con
taining 11% Mn, 2% Mo, variable nickel and balance iron 

Fig. 14 — Effect of manganese on the shape of the delta ferrite versus 8 curve for alloys 
containing 16% Cr, 2% Ti, variable nickel and balance iron 

Summary and Conclusions 

The effects of 15 alloying elements 
on delta ferrite and martensite forma
tion in cast austenitic Cr-Ni stainless 
steels were evaluated. Small chill-cast 
pins were selected for this study for 
experimental convenience and be
cause they provided a reasonable ap
proximation to the microstructures 
and cooling rates of weld deposits. 
Nickel and chromium equivalents of 
Mn, Mo, Si, V, W, Ti, Al, Cb, Ta, C, N, 
Co and Cu, with respect to delta fer
rite formation and also Ms and Md 
temperatures, were determined by 
regression analyses. 

By using the quantitative relation
ships derived and adjusting both the 
total alloy content and the balance be
tween austenite and ferrite forming 
elements, different delta ferrite con
tents, combined with varying M s or 
Mo temperatures can be obtained in 
order to achieve particular combina
tions of properties. For example, 
t h r o u g h c o m p o s i t i o n s e l e c t i o n , 
dimensionally stable stainless steel 
castings for cryogenic service could 
be designed to contain 5% delta fer
rite, to increase strength and to min
imize hot tearing, but at the same time 
have an austenite that would not 
transform to martensite if deformed at 
low temperatures. 

The ease of control of delta ferrite 
at a predetermined level depends 
upon the slope of the curve of % fer
rite versus composit ion. Alloying ele
ments affect this s lope in widely 
different ways. Steels with 1 1 % Mn, 
2% Mo, 12 to 20% Cr, 7 to 12% Ni and 
balance Fe possess the desirable 
characteristic of having particularly 
wide, flat curves, with the height of the 
delta ferrite shelf determined primar
ily by the amount of chromium pres
ent. 
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Flexibility factors and stress indices for elbows and curved pipe loaded with an 
arbitrary combination of in-plane, out-of-plane and torsional bending moments are 
developed for use with the simplified analyses procedures of present-day design 
codes and standards. An existing analytical method was modified for use in cal
culating these factors, the equations were programmed for the IBM-360 computer 
and computed results were compared with experimental data to establish the ade
quacy of the modified method. Parametric studies were then performed to obtain 
desired information. The results are presented in both tabular and graphical form. 
Approximate equations of best fit, developed from the tabulated values, are pre
sented in a form which can be used directly in the codes and standards. The 
present equations are slightly more conservative than the ones in current use. 
However, experimental and analytical studies now in progress may indicate 
further modifications in the stress indices and flexibility factors for elbows. 
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