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Figure 9
~ = 2,0°C/s

q = 1230°C
11,4 vol-o;; M C° 23 6.

Figure 10

~ = O,5°C/s
q = 1230°C

8,0 vol-Ol M C10 23 6.

Figure 11
~ = 0,5°C/s

q = 1100°C
10,7 vol-o;; M C° 23 6.

x 150

x 150

Figure 12
R - 0 1°T -, C/s

q = 1230°C
7,2 vol-Ol M C10 23 6.

x 150 100 JLrn
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STEEL 415. 0,07% C 21 % Cr 31 % Ni STAINLESS AND HEAT RESISTANT STEEL

Designations

SIS AISI WerksteH Nr

Alloy 800 1.4876

Composition (wt-%)

C Si Mn P S Cr Ni Mo Cu Co Ti Altot N

0,07 0,62 0,56 0,007 0,003 21,1 30,9 0,06 0,02 0,02 0,40 0,39 0,019

Creq = 0,71
Nieq

fs 0,0 0,2 0,4 0,6 0,8 1,0

The ••• Annl,ria T dT
(OC) CD dT

~ (OC/s)

1400
T +1,5

1350
+1,0

Q) +0,5~.~----1300 -- 0
dT
dT -0,5

1250
-1.0

-1,5
R = 0,5QC/s 1200

0 100 200 300 t(s)

Average Cooling Rate,R, (OC/s)

2,0 0,5 0,1

Liquidus temperature, austenitic primary phase, QC CD
Temperature of formation of titanium compounds, QC CD
Solidus temperature, QC CD
Solidification range, QC
Solidification time, s

1399
1305-1280

1280
120
125

1401
1310-1295

1295
105
280

1400
1350-1330

1330
70

810

Precipitates

Ti (C,N) and sulphides containing titanium, (see figures 6 and 7).

Microsegregation

Element Si Mn Cr Ni

2,3 1,7 1,2 1,1
R = 0,5 QC/s
Tq = 1290 .QC
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400 ILm

x 25

Partly solidified

Figure 1
R 0,5°C/s
Tq 1390°C
d 80 ILm
y-dendrites and quenched liquid (L).

x 25

Completely solidified

x 25

x 25

Figure 2
R 2,0°C/s
Tq 1280°C
d 50 ILm
Figures 2 - 4: y-dendrites.

Figure 3
R 0,5°C/s
Tq 1290°C
d 95ILm

Figure 4
R 0,1°C/s
Tq 1290°C
d 145ILm
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Figure 5
R = O,5°C/s
Tq = 1200°C
(d12oo = 1051Lm)
y-dendrites (dark).

--
400 ILm x 25

/
I

\/ A
11

TiC~-
(I'

Figure 6
R = O,5°C/s
Tq = 1290°C
TiN, TiC and sulphides containing titanium (A).

25ILm x 600

A
\

o

0

A ~y~
/<?

~
c

-

Figure 7
R = 0,5°C/s
Tq = 1200°C
TiC and sulphides containing titanium (A).

25ILm x 600



5. High Speed Steels
High speed steels are highly alloyed tool steels which
exhibit enhanced hardness and wear resistance at high
temperatures. These steels have a high carbon content
and varying amounts of chromium, molybdenum, tung-
sten and vanadium.
The wide solidification ranges and microsegregation of
alloying elements in these steels limit their production to
small ingots for rolling and forging. Continuous casting is
not practised. Considerable use is made of powder metal-
lurgical methods to produce homogeneous, isotropic ma-
terial.
Although the solidification of high speed steels has been
studied in great detail for many years, they were included
in the present study for the sake of uniformity and for
comparison with other alloys. The two most common
commercial high speed steels were chosen, with chemical
compositions according to table 5.1:

No. C Si Mn Cr Ni Mo W V %

501 0,9 0,3 0,3 3,9 0,4 4,9 6,1 1,9
502 1,0 0,4 0,4 3,8 0,1 9,2 1,5 2,0

Table 5.1 High speed steels

The pseudobinary equilibrium phase diagram in figure
5.1 illustrates schematically the complicated solidification
sequence, which is roughly the same for both steels. The
following reactions take place in order with falling tempe-
rature:

• primary ferrite formation
• peritectic reaction and transformation producing au-

stenite
• eutectic reaction producing austenite and carbides

The distinction, used in this work, between peritectic
reaction and transformation is defined in chapter 4.

Temperature :C
1600

L

133

References

General investigations of the solidification of high speed
steels dealing with development of the structure, constitu-
tion and reaction mechanisms have been reported, [87-
95]. Quantitative data on microsegregation may be found
in references [90, 91, 94, 98]. Factors controlling dendrite
arm spacings and carbide sizes are discussed in referen-
ces [93, 96, 97].

1500

1400

1300

1200

1100

1000
o

a+K

0,2 0,4 0,6 0,8 1,0

y+K

1,2 1,4 1,6
Weight-% carbon

Figure 5.1 Phase diagram for steel with approx. 4% Cr, 5% Mo,
6% Wand 2% V. (After Horn E. & Brandis H., DEW- Techn. Ber. 11
(1971),147-154) [89]
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STEEL 501. 0,9 % C 4 % Cr 5 % Mo 6 % W 2 % V HIGH SPEED STEEL

Designations

SIS AISI Werkstoff Nr

2722 M2 1.3343

Composition (wt-%)

C Si Mn p S Cr Ni Mo Cu Co W v
0,88 0,30 0,32 0,030 0,017 3,9 0,36 4,9 0,10 0,30 6,1 1,9 0,022 0,036

Thermal Analysis

R = 0,5°C/s 1100 o

0,2

100

0,4 0.5 0,6

200

0,7 0,80.9

300

1,0
dT
d't
(OC/s)

+3,0

+2,5

+2,0

+1,5

+1,0

+0,5

0

-0,5

-1,0

-1,5

400 1'(5)

Liquidus temperature, ferritic primary phase, °C CD
Temperature of start of austenite formation, °C CD
Temperature of start of MC-austenite eutectic formation, °C CD
Temp. of M2C- and M6C-austenite eutectic formation, °C CD
Solidus temperature, °C CD
Solidification range, °C
Solidification time, s

Average Cooling Rate,R, rc/s)

2,0 0,5 0,1

1414 1423 1427
1341 1342 1350
1260 1260 1270
1228 1232 1255
1175 1185 1220
240 240 210
170 455 2500

Precipitates

MC-M2C- and M6C-austenite eutectic. The amount of carbide eutectic decreased with increasing cooling rate,
(see figures 6-9,11-14).
MC contained approximately 45% V, 17% Wand 11 % Mo, and M2C approximately 37% W, 28% Mo and 12% V. M6C
contained mainly Fe, Wand Mo.

Microsegregation

Element Cr

1,6

Mo

1,2

W

0,8

v

0,9
R = 0,5°C/s
Tq = 1155 °C
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x 600 25 p'm

x 600

Figure 11
R = 0,5°C/s
Tq = 1245°C
MC" eutectic.
The MC carbide is
the first carbide
to precipitate.
0,1 vol-% MC-
carbide.

25 p'm

Figure 10
R = 0,5°C/s
Tq = 1335°C
Peritectic reac-
tion. WidmanstiHten
austenite (Yw)
precipitated in 0
during quenching.

Figure 12
R = 2,0°C/s
Tq = 1155°C
Figures 12-14: Carbide morphologies.

x 600 25 p'm

Figure 13
R = 0,5°C/s
Tq = 1155°C

Figure 14
R = 0,1°C/s
Tq = 1155°C

x 600 25 p'm

•

••

, ~
, MC
. 6
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STEEL 502. 1,0% C 4 % Cr 9 % Mo 1,5 % W 2 % V HIGH SPEED STEEL

Designations

SIS AISI Werkstoff Nr

2782 M7 1.3348

N

0,036

1,0
dT
dt
(OC/s)

+3.0

+2,5

+2,0

+1,5

+1.0

+0,5

0

-0.5

-1,0

-1.5

400 't" (5)

2,0 0,010

0,6 0.8

300200

Ni Mo Cu Co W

0,14 9,2 0,11 0,05 1,5

0,45 0.5

100o
1100

1200 - - - - - - - - - - - - - - - - - - - - - -

1150

1250

1350

1300

R = 0,5°C/s

Composition (wt-%)

C Si Mn P S Cr

1,0 0,38 0,38 0,010 0,037 3,8

Thermal Analysis fs 0.0 0,2 0,4
T
(OCl

1400

Liquidus temperature, ferritic primary phase, °C CD
Temperature of start of austenite formation, °C CD
Temperature of MC- and M2C-austenite eutectic formation, °C

Solidus temperature, °C CD
Solidification range, °C
Solidification time, s

Average Cooling Rate,R, (OC/s)

2,0 0,5 0,1

1401 1400 1400
1305 1315 1322

CD 1222 1226 1233
1175 1180 1185
225 220 215
170 410 2100

The second peak on the cooling rate curve is split into two peaks, corresponding
to the peritectic reaction, followed by the Iiquid-to-austenite transformation.

Precipitates

MC- and M2C-austenite eutectic, (see figures 7-9,12-14).

M2C contained approximately 57 % Mo, 11 % V and 9 % W. MC was of the VC type.

Microsegregation

Element Cr Mo W v

1,8 1,1 0,6 0,7
R = 0,5°C/s
Tq = 1155 °C
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Partly solidified

400 fLmx 25

x 25

x 25

Figure 2
R = 2,O°C/s
Tq = 1155°C
d = 25 fLm
Figures 2-4: y-dendrites and carbide eutectics,
(compare figure 7).

Completely solidified

Figure 3
R = O,5°C/s
Tq = 1155°C
d = 35 fLm
(Compare figure 8.)

x 25

Figure 1
R = O,5°C/s
Tq = 1310°C
d = 35 fLm
8-dendrites, partly transformed to y, and quen-
ched liquid (L), (compare figures 5 and 6).

Figure 4
R = 0,1°C/s
Tq = 1155°C
d = 70 fLm
(Compare figure 9.)
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Figure 6
R = O,5°C/s
Tq = 1260°C
Growth of auste-
nite, 8 ~ y and L ~ y.
Extensive nucleation
of y after the peri-
tectic reaction, (see
cooling curve and
compare steel 501,
figure 6).

x 150

x 150

x 150

x 150

lOOl-tm

Figure 5
R = 0,5°C/s
Tq = 1310°C
Peritectic reac-
tion and trans-
formation,
(compare figure 10.)

Figure 7
R = 2,O°C/s
Tq = 1155°C
Figures 7-9: Carbide structure. Note the influ-
ence of cooling rate on carbide coarseness,
(compare figure 12).

Figure 8
R = O,5°C/s
Tq = 1155°C
9 vol-% carbides (MC and M2C),
(compare figure 13).

•

'~.

Figure 9
R = O,l°C/s
Tq = 1155°C

". 10 vol-% carbides (MC and M2C),
(compare figure 14).

\

• •
•

:A.;\
<:p'

J.. •, .- 'j



Partly solidified

Figure 2
R = 2,O°C/s
Tq = 1155°C
d = 30/-Lm
Figures 2-4: y-dendrites and carbide eutectics,
(compare figure 7).

Figure 1
R 0,5°C/s
Tq = 1335°C
d = 35/-Lm
a-dendrites, partly transformed to y, and quen-
ched liquid (L), (compare figures 5 and 6).

400/-Lm

400/-Lm

400/-Lm

400/-Lm

x 25

x 25

x 25

x 25

Completely solidified

Figure 3
R = 0,5°C/s
Tq = 1155°C
d = 40/-Lm
(Compare figure 8.)

Figure 4
R = O,1°C/s
Tq = 1155°C
d = 85/-Lm
(Compare figure 9.)
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Figure 8
R = 0,5°C/s
Tq = 1155°C
9 vol-% carbides, (MC, M2C and M6C),
(compare figure 13).

Figure 6
R = 0,5°C/s
Tq = 1245°C
Growth of auste-
nite, o~y and
L~y, and MC-y
eutectic. 0,1 vol-%
MC carbide,
(compare fig 11).

x 150

x 150

x 150

x 150

100/-l-m

Figure 5
R = 0,5°C/s
Tq = 1335°C
Peritectic reac-
tion and trans-
formation,
(compare figure 10).

Figure 7
R = 2,0°C/s
Tq = 1155°C
Figures 7-9: Carbide structure. Note the influ-
ence of cooling rate on carbide coarseness,
(compare figure 12).

Figure 9
R = 0,1°C/s
Tq = 1155°C
12 vol-% carbides, (MC, M2C and M6C),
Melted areas (L) in the centres of the dendrites.
(Compare figure 14).

.~-

.
I •-=-~;..
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x 600 25J.Lm

x 600 25J.Lm

Figure 12
R = 2,0°C/s
Tq = 1155°C
Figures 12-14: Carbide morphologies.

1
(

•••25J.Lm

25J.Lm

x 600

x 600

Figure 11
R = 0,5°C/s
Tq = 1260°C
y, residual a, and
liquid (L).
(No carbides.)

Figure 10
R = 0,5°C/s
Tq = 1310°C
a-dendrite, surrounded
by y formed by th~
peritectic reaction.
Widmanstatten auste-
nite (Yw) preci-
pitated in a during
cooling and quenching.

Figure 14
R = 0,1°C/s
Tq = 1155°C
Remelted areas (L) in the centres of the dendrites.

Figure 13
R = 0,5°C/s
Tq = 1155°C
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6. Conclusions and Comments Temperature,oC

In the preceeding chapters, detailed results have been
reported for individual steel compositions. The purpose of
this section is to illustrate general relationships for groups
of steels. The fact that many of the important solidification
parameters follow a general pattern justifies interpolation
between the steels the behaviour of which has been de-
scribed. This allows data to be estimated for many types
of steel which have not been included.

Thermal analysis

The results on liquid us, solidus and peritectic temperatu-
res, measured for the three cooling rates, are shown as a
function of the carbon content in figures 6.1- 6.4 for car-
bon, low alloy and chromium steels. The thermal data for
the stainless and heat resistant alloys are plotted as a
function of alloy content, expressed as equivalents of
chromium and nickel, in figure 6.6.

Temperature, °C

1500

1400

1300 + 0,1°C/s

• 0,5
02,0

Figure 6.1 Liquidus, peritectic and solidus temperatures for
carbon steels

The general shape of pseudobinary diagrams of the type
Fe-C-M is shown in figures 3.1 and 3.2. It is seen in these
diagrams that the peritectic line of the binary Fe-C-dia-
gram (figure 2.1) is substituted by a triangular three-phase
area, but this is not equivalent to the area marked "peri-
tectic" in figures 6.1-6.4, The experimental points here
indicate the maximum temperature of the peritectic reac-
tion. The scatter in the experimental results depended on
the varying degree of supercooling, as discussed in chap-
ter 1, However, the highest temperatures given probably
represent the start of the peritectic reaction. in large scale
ingots, The reason for the spread in solidus values was
partly the experimental problems described in chapter 1,
but also the fact that the commercial steels used contai-
ned different amounts of alloying and impurity elements.

304

2.0

0,7 1,0
Weight-% carbon

-0 2,0

0,7 1,0
Weight- % carbon

0_

:~+01
• 0,5

0,5

0,5

303302

0,3

0,3

+ 0,1°C/s

• 0,5
o 2,0
iC 0,1 (peritect.)

Liquidus, peritectic and solidus temperatures for low

0,1

0,1
1200

1100

Temperature,oC
301

1200

1300

1400

1500

Figure 6.3 Liquidus, peritectic and solidus temperatures for 5%
chromium steels

Figure 6.2
alloy steels

0.7 1,0
Weight - % carbon

0,50,3

.0,1 °C/s

·0,5
02,0

Solidus

0,1

••~o~
-~.~ t Liquidus

.~~T;~~~~---- ~,1,i~ Peritectic .~~.

"~: •.•....••~. 0,5 & 2,0.~.
o 0

1500

1400

1300

1200
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Temperature,·C
305 306 307 308 309

1500 ~+.
/ 0+--""'"~.. ~.~.

~

• Perltectlc 'b-""
~ """"-'..-"""" .•.•.•..-.•.•.•.•.•.•.•.•.•""""" .
•• 0 I N({{Ui!i. If.
Q • _ 0

1400 ~ ~;'-

o ~

As shown in figures 6.3 and 6.4, steels 303, 304 and 309
had very low solidus temperatures explained by eutectic
carbide precipitation, The pseudobinary equilibrium pha-
se diagrams for Fe - 5Cr - C and Fe - 13Cr - C, figures
3.1 and 3.2, indicate a eutectic reaction for carbon con-
tents of 1,2 and 0,8 % respectively. The appearance of
carbide eutectics at much lower carbon concentrations is
a result of microsegregation. In figure 6.4 the solidus lines
have been interrupted between steels 308 and 309, as it is
certain that eutectic precipitation of carbides will take
place in steels with carbon contents lower than that of
steel number 309.
The solidification range widened with an increasing rate
of cooling, see figure 6,5. The constitutional influence of
high carbon and chromium contents was very strong,

Solidus

1300

+ 0,1 ·C/s
• 0,5
o 2,0
'" 0,1 (Peritect)

+•

1200 o

Figure 6.4 Liquidus, peritectic and solidus temperatures for
13% chromium steels

The tendency was for the liquidus and the peritectic tem-
peratures to be independent of cooling rate, whereas the
solidus was markedly lower at a higher cooling rate, The
reason for this is the higher degree of backdiffusion and
homogenization possible at a low cooling rate,
The main difference between the carbon and low alloy
steels, shown in figures 6,1 and 6,2, was the lowering of
the solidus lines by alloying elements, The liquidus tem-
peratures were also decreased somewhat. It has not been
possible to calculate the factors for the temperature de-
pression by, for example, nickel and chromium, as the
levels of other elements were not held constant in the
present work. However, at the low contents present, the
influence of minor changes in composition can be estima-
ted from the binary phase diagrams,
In figure 6.4, the abnormal behaviour shown by steel
number 305, containing 0,04% C, 13% Cr, 5,5% Ni,
reflects the depression of both liquidus and solidus tem-
peratures by nickel. At the 13% Cr- level the mean effect
was roughly 5 and 10 degrees per weight percent of nickel
for the liquidus and solidus respectively, In spite of the
very low carbon content, steel number 305 had a peritec-
tic reaction. This is an effect of nickel, as steel number 306
with a higher carbon content solidified completely to ferri-
te.

1C5Cr
o

250 0,7C13Cr
0

+~.

200

____ e

+
1C1,5Cr

0

1C
150 + • 0

/.
+

O,1C5Cr

100 ---~+ • O,1C13Cr.--- _0

/.- 0,2C

50
+/
+

300

Solidification range,

Tliq - Tsol

·C
0,7 0,9

Weight -%carbon
0,50,30,1

0,1 0,5 2.0
Cooling rate, °C/s

Figure 6.5 Solidification ranges for carbon, low alloy and chro-
mium steels as function of cooling rate
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Liquidus and solidus temperatures of the stainless and
heat resistant steels are shown in figure 6.6, as a function
of alloy content, expressed as equivalents of chromium
and nickel as follows, [78,83):
Creq = Cr + 1.37Mo + 1.5Si + 2Nb + 3Ti
Nieq = Ni + 0.31Mn + 22C + 14.2N + 1Cu
(The elements are expressed in weight percentages.)

Temperature, °C

~ Jt5cr5NiMO~ ~
+ ri~~ LiQuidus

1400 + • 0 ---_L&~ &tg
+~+ 0 t;;- ~
,...."". + ao·~--o~ o· .__ ===~+~C25c/r21Ni
,... v~ ._ 0 +

1300 0 f1 o---~~~
~ ~.

17/12 MoNb 0 I:l
sol. ~

The effect of carbon can be seen in alloy 414, with 25 % Cr,
21% Ni, 0,4% C. This had a solidification range of 105-
125°C, and very low solidus temperatures as a result of
interdendritic segregation.
From the thermal analysis data for the stainless and heat
resistant steels, the fraction solidified primarily as o-ferrite
was evaluated. The results are given in figure 6.7 as a
function of the ratio between the chromium and nickel
equivalents, as defined above. It may be seen that a dras-
tic change in solidification behaviour takes place between
Cr and Ni equivalent ratio values of 1,35 and 1,80; alloys
with values below this range solidify as 100% austenite,
above this range as 100% ferrite. Behaviour of this kind
may also be seen in figure 4.1. No substantial influence of
cooling rate on the fraction of o-ferrite formed was obser-
ved.
The two high speed steels, (numbers 501 and 502), had
solidification ranges wider than 200°C, which is in good
agreement with their high concentration of carbon and
alloying elements. The highest cooling rate corresponded
to the lowest solidus temperature and the widest solidifi-
cation range, as for the other alloy systems in this work,
(see figure 6.5).

1200
+ 0,1 ·C/s

• 0,5
02,0

1100 L.- -+ -+- ~
~ ~ ~ ~

Alloy content Creq + Nieq weight-%

~o

4
Creq
Nieq

32

Fraction solidified as /I-ferrite in stainless steels

50 •

40
+ 0,1°C/s

• 0,5
30

o 2,0

20

10

0

70

60

90

80

Figure 6.7

Fraction solidified
as primary ferrite, 0/0

100
Figure 6.6 Liquidus and solidus temperatures for stainless and
heat resistant steels

Again, the highest cooling rate led to the lowest solidus
temperature and the widest solidification range. These
ranges were comparatively narrow for this group of steels,
in most cases 100°C or less (compare figure 6.5).
Two of the alloys, numbers 401 with 25% Cr, 5% Ni, 1%
Mo, and 406 with 17% Cr, 12% Ni, Mo-Nb, did not follow
the general trend. The ferritic alloy, 401, exhibited the
highest liquidus and solidus temperatures of all the stain-
less and heat resistant steels examined; a constitutional
effect in full agreement with the Fe-Cr-Ni equilibrium pha-
se diagram in figure 4.1. This diagram also indicates a
narrow solidification range for this composition. Alloy 406
showed very low solidus temperatures and a wide solidifi-
cation range, 120-150°C. The reason was the pro-
nounced interdendritic segregation of, mainly, niobium
and carbon.
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•
I (er)

••

••
•

1,5

2,0

2,5

Microsegregation

The microprobe results were derived from samples cooled
at O,5°C/s and quenched from just below the solidus tem-
perature. The dependence on carbon level of the micro-
segregation of manganese and chromium in carbon, low
alloy and chromium steels is shown in figures 6.8 and 6.9.

The high values of the segregation ratio I found at high
carbon levels were caused by slow backdiffusion in au-
stenite, and by a negative interaction known to exist at
least between carbon and chromium, [31, 47]. Primary
formation of austenite was noted at a carbon content
above some 0,4% in carbon and low alloy steels, (chapter
2), whereas no chromium steel solidified by formation of
primary austenite, (chapter 3). As shown in figure 6.9, the
chromium steel number 306, with 0,07% C and 13% Cr,
which solidified completely as ferrite, had no measurable
chromium segregation; emphasizing the importance of
diffusion in ferrite during solidification in reducing the
observed segregation. In contrast, steel number 305, with
0,04% C, 13% Cr, 5,5% Ni, solidified partly to austenite
and showed chromium segregation, despite having a low-
er carbon content. Molybdenum, which was present in
appreciable amounts in all the 5% chromium steels, dis-
played the same segregation behaviour as chromium in
relation to carbon, figure 6.10.

1,0
0,1 0,3 0,5 0,7 1,0

Weight- %carbon

Figure 6.9 Microsegregation of chromium in low alloy and
chromium steels

I (Mn)

•

I (Mo)

2,0

0,7 1,0
Weight -% carbon

0,50,30,1
1,0

1.5

0,7 1,0
Weight -%carbon

0,50,30,1
1,0

1,5

2,0

Figure 6.8 Microsegregation of manganese in carbon steels
Figure 6.10 Microsegregation of molybdenum in 5% chromium
steels
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As shown by comparison between figures 6.9 and 6.11,
nickel segregated less than chromium in the low alloy
steels, the segregation ratio for the element having an
inverse relationship with carbon.

1,5

I (Ni)
2.0

The segregation ratio, I, and partition ratios of chromium
and nickel in the stainless and heat resistant steels are
shown in figures 6.12 and 6.13. These ratios were defined
in chapter 1 as follows:

cX, ID

cx, D

Cx,OD
Cx'YD
Cx,OID
Cx,YID

where D and ID represent dendrites and interdendritic
areas; Cx is the mean value of the concentration in these
regions.
The chromium-nickel equivalent ratio decreases from left
to right in figures 6.12 and 6.13. The corresponding alloy
compositions are given in table 4.2.

In a steel solidifying completely as ferrite, number 401,
chromium did not segregate at all but nickel did. When
both austenite and ferrite were formed, in steels such as
numbers 402-406, strong nickel segregation was obser-
ved together with slight, hardly measurable segregation of
chromium. In the fully austenitic mode of solidification,
numbers 409-415, chromium and nickel both segregated
moderately. Steels 407 and 408, which formed the smal-
lest amount of primary ferrite, were similar to the fully
austenitic steels in regard to microsegregation of chromi-
um and nickel.
The interpretation of these results is that, in the austenitic
mode of solidification, both chromium and nickel segre-
gate to the interdendritic liquid, whereas only nickel se-
gregates in the ferritic mode. The high I (Ni)-values in the
ferritic-austenitic steels are remarkable.

0,7 1.0
Weight-% carbon

0,50,3

Microsegregation of nickel in low alloy steels
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Figure 6.11
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Figure 6.12 Microsegregation of chromium and nickel in stain-
less and heat resistant steels
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Steel 401

The segregation of silicon, manganese and molybdenum
in stainless and heat resistant steels is shown in figures
6.14 a and b. The interdendritic areas were enriched by all
these elements and the interdendritic segregation of both
manganese and silicon was higher in the fully austenitic,
as compared to the ferritic-austenitic solidification mode.
On changing from a fully ferritic solidification path, as in
steel 401 , to one producing a fully austenitic structure, the
intensity of molybdenum (and manganese) segregation
increased markedly.
Titanium in steel number 405 was found both in the inter-
dendritic austenite and in the carbides. Niobium in steel
406 segregated to the interdendritic ferrite and was also
present as carbides. In steel 413, the interdendritic areas
were enriched with copper.
In high speed steels, the segregation measurements on
the alloying elements showed that these were present
mainly as constituents of carbide phases. It should be
noted that the amount of eutectic carbides decreased with
increasing cooling rate. The reverse behaviour was found
for the austenitic steel number 414, with 0,4 % C, 25 % Cr,
21 % Ni and steel number 309, with 0,7% C, 13% Cr. The
eutectic carbide content of these steels rose as the
cooling rate was increased. The observed phenomena are
in full agreement with earlier reports, [62, 63, 94]. Finally,
when following the details of the solidification of the two
high speed steels, it will be seen that they differed in
regard to the types of carbides precipitated.
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Figure 6.13 Partition ratios for chromium and nickel in stainless
and heat resistantsteels.

411 412 413414 415 Steel405 406402 403

I--

- -

2.0

1,5

1,0

I (Si)
2,5

Strictly, the segregation ratio I should only be determined
in a truly single phase structure, which was not the case
for most of the stainless steels studied. The partition ratio
Po, between ferrite and austenite due to the peritectic
reaction and the solid phase transformation of the dendri-
tes, is shown in figure 6.13 for steels 402-406, which
formed the most ferrite on solidification. From number 406
onwards the primary ferrite was gradually substituted by
austenite as the primary phase, until from number 409
onwards austenite was the only primary phase, see figure
6.7. However, as chromium and other ferrite-forming ele-
ments such as molybdenum, niobium and silicon segrega-
te from the growing austenitic phase, ferrite can form
interdendritically. When the fraction of austenite-forming
elements in the steel increases, the amount of interdendri-
tic ferrite decreases. The content of interdendritic ferrite,
first seen in significant amounts in steel number 406, thus
passed through a maximum on going from a ferritic to an
austenitic solidification path. The partition ratio PlO, be-
tween the interdendritic ferrite and austenite, is shown for
steels 406-410. The P-values show the enrichment of
chromium in ferrite and that of nickel in austenite.

1,82 1,74 1,61 1,58 1,151,03 ,94 ,89 ,71 Creq

Nieq
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Figure 6.14 b Segregation of manganese and molybdenum in stainless and heat resistant
steels.

Ferrite in stainless steels

As discussed in the preceeding paragraph, the I)-ferrite in
the solidification structure of stainless steels may be of
either or both dendritic or interdendritic forms. The den-
dritic ferrite formed as a primary phase is not enriched in
solute elements, unlike the interdendritic I)-ferrite, which
forms as a result of segregation. The latter type was usual-
ly seen to be larger in size than the residual, dendritic
I)-ferrite. As a consequence of this difference in size and
degree of segregation, the non-equilibrium dendritic ferri-
te will in most cases disappear more quickly than the
interdendritic form during homogenizing heat treatments.
Ferrite contents were obtained by both magnetic measure-
mpntc. ~nrf ("'\nti,...~1 ""'" ....•..-: •..•....•.+: .....- "T"l-_ -----.--

There was some scatter in the ferrite measurements and
the data fell into two groups with no steels in the region
between the two populations. However, the measure-
ments can be interpreted in terms of the solidification
behaviour. Figure 6.15 shows that the ferrite content at
the solidus was not influenced by cooling rate, but was
governed by the composition. It was shown previously, in
figure 6.7, that no primary ferrite is formed when the er-Ni
equivalent ratio is less than 1,35. The two populations
shown in figures 6.15 and 6.16 therefore represent steels
forming predominantly interdendritic and dendritic ferrite
respectively. For a given homogenization time the steels
with mainly dendritic ferrite, which solidify with a higher
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tic to dendritic forms of ferrite which explains the higher
ferrite contents shown in figures 6.15 and 6.16 for steels of
er-Ni equivalent ratio of about 1,4, compared to those at
about 1,6. This is further supported by the amount of
interdendritic ferrite probably reaching a maximum at
equivalent ratios of about 1,4.

Figure 6.15 ('l-ferrite in stainless steels at the solidus.
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These findings can be used to explain the observation that
the surface regions of stainless steel ingots, or continu-
ously cast billets and slabs, have a lower ferrite content
than the central regions. As described above, there is no
effect of cooling rate on ferrite content at the solidus.
However, the faster cooling rate at the surface, compared
to the centre, produces a finer dendrite arm spacing. The
resultant fine structure is more rapidly homogenized on
cooling below the solidus.
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Secondary dendrite arm spacings

A summary of the results is presented in figures 6.17 and
6.18. In figure 6.17 the effect of cooling rate and alloy
content can be seen. It is accepted that the arm spacing
decreases when the alloy content increases, although a
linear relationship has not been detected. The results for
13% Cr-steels and the stainless steels numbers 401-405
are not presented in figure 6.17 because of the difficulties
in measuring arm spacings accurately. The dendrites we-
re poorly defined because of the high degree of homoge-
nization occurring in these steels during solidification.

For the 13% Cr-steels it was seen that the dendrite arm

Mean secondary dendrite
arm spacing. IIm

150 •

spacings decreased when the carbon content increased,
and there was also a tendency in this direction for other
groups of steels. This would partly account for the large
spread between individual points in figure 6.17.

The well known coarsening process which occurs during
solidification may be seen by comparing values at 0,5°C/s
obtained in samples partly and completely solidified, figu-
re 6.18. The final arm spacings of the dendrites are deter-
mined by the local solidification time, which here is
roughly the reciprocal of the cooling rate. The results are
accordingly in agreement with previously reported data,
see for example figure 1.2.
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Figure 6.18 Dendrite arm coarsening during solidification
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8. Alloy Index

Table 8.1 Index to the steels.

Steel
Number Page

201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216

301
302
303
304
305
306
307
308
309

401
402
403
404
405
406
407
408
409
410
411
412
413
414
415

501
502

........... . . .. . 18

20
22

................... ~
... 26
. 28

.. 32
. . . 34

........ .. 36
......... ... . 39

.. 41
................ . .... 43
... .. 45

....... 47
.... 49

52

............ .... . .. 56
............. . ..... 58
........ 60

....... 63
........... . ~
....... . 69

72
75
78

. 82
85
88

... 91
94

...................... 98
.. ......... .102
. .. . 106

............... .. 110
.113

................... 117
.....................................................120

.123
...... ........ .126

..... ......... ...... .130

..... ..134
.. .. . .. .. .. . . .. 138
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Table 8.2 a: Carbon and Low Alloy Steels, composition (wt-%).

Steel C Si Mn P S Cr Ni Mo Cu Altot N Others
Number

Carbon:
201 0,11 0,12 1,25 0,040 0,018 0,06 0,03 0,07 0,07 0,038 0,012
202 0,12 0,27 1,53 0,010 0,005 0,02 0,03 ~0,03 0,05 0,029 0,011 0,03Ce
203 0,18 0,44 1,26 0,016 0,025 0,01 0,02 0,06 0,02 0,004 0,007 0,03Nb
204 0,19 0,40 1,42 0,012 0,007 0,07 0,13 0,02 0,08 0,006 0,005
205 0,36 0,27 0,58 0,015 0,012 0,08 0,05 0,02 0,12 0,004 0,007
206 0,69 0,23 0,72 0,022 0,024 0,02 0,02 0,01 0,03 0,006 0,002
207 1,01 0,25 0,46 0,012 0,009 0,02 0,03 0,02 0,03 ~0,004 0,002

Low Alloy:
208 0,10 0,28 0,57 0,008 0,009 1,14 3,3 0,14 0,11 0,013 0,009 0,02 V

209 0,20 0,25 0,90 0,014 0,039 0,81 1,05 0,06 0,07 0,036 0,009 0,02 V

210 0,27 0,02 0,32 0,006 0,008 1,66 3,5 0,42 0,04 0,044 0,007 0,08 V

211 0,29 0,21 0,62 0,012 0,006 1,11 0,15 0,21 0,04 0,011 0,004 0,04 V

212 0,29 0,22 0,52 0,009 0,010 1,02 3,2 0,25 0,05 0,010 0,005 0,03 V

213 0,35 0,24 0,67 0,010 0,020 0,92 0,05 0,19 0,07 ~0,004 0,008 0,02 V

214 0,52 0,22 0,85 0,010 0,006 1,07 0,07 0,07 0,04 ~0,004 0,008 0,14 V
215 0,55 0,27 0,50 0,019 0,012 0,99 3,0 0,31 0,06 0,011 0,008 0,08 V

216 1,01 0,23 0,33 0,021 0,026 1,55 0,02 0,01 0,04 0,011 0,003 0,04 V

Table 8.2 b: Chromium Steels, composition (wt-%).

Steel C Si Mn P S Cr Ni Mo Cu W V Altot N
Number

301 0,13 0,36 0,37 0,003 0,007 5,0 0,01 0,58 0,02 0,01 0,01 0,009 0,006
302 0,35 1,03 0,46 0,020 0,007 5,2 0,23 1,34 0,11 0,09 1,0 0,013 0,026
303 0,50 1,00 0,48 0,025 0,010 5,1 0,18 1,36 0,10 0,02 1,20 0,013 0,036
304 0,96 0,29 0,67 0,020 0,015 5,2 0,13 1,19 0,09 0,05 0,21 0,014 0,024

305 0,04 0,54 0,61 0,010 0,009 13,4 5,5 0,07 0,07 0,01 0,01 0,019 0,032
306 0,07 0,54 0,48 0,020 0,006 12,9 0,17 0,02 0,10 0,01 ~0,01 0,026 0,039
307 0,14 0,19 0,68 0,009 0,014 12,0 1,20 0,01 0,03 0,01 0,02 0,001 0,040
308 0,32 0,15 0,30 0,009 0,008 13,9 0,16 0,01 0,01 0,22 0,03 0,003 0,013
309 0,69 0,43 0,64 0,014 0,005 13,1 0,20 0,07 0,02 0,22 0,03 0,002 0,025

Table 8.2 c: Stainless and Heat Resistant Steels, composition (wt-%) and Cr-Ni equivalent ratios.'

Steel C Si Mn P S Cr Ni Mo Cu Co Altot N Others
Creq

Number Nleq

401 0,042 0,86 0,76 0,031 0,010 25,1 4,7 1,22 0,08 0,08 ~0,002 0,077 4,01
402 0,012 0,31 1,76 0,008 0,008 19,8 9,9 0,10 0,04 0,02 0,004 0,031 1,82
403 0,019 0,31 0,94 0,009 0,010 19,5 10,2 0,11 0,03 0,05 0,002 0,044 1,74
404 0,036 0,44 1,25 0,025 0,010 18,4 9,1 0,38 0,20 0,25 0,002 0,081 1,68
405 0,068 0,59 1,44 0,028 0,001 17,2 10,3 0,47 0,24 0,27 0,048 0,005 0,51Ti 1,61

406 0,052 0,44 1,71 0,013 0,007 17,2 12,6 2,80 0,03 0,03 0,004 0,010 0,54Nb 1,58
407 0,023 0,53 1,58 0,020 0,006 17,2 13,5 2,63 0,19 0,07 0,004 0,031 1,43
408 0,048 0,63 1,65 0,018 0,007 17,7 13,4 2,68 0,15 0,07 0,004 0,045 1,42
409 0,024 0,58 1,79 0,009 0,011 17,4 12,8 2,77 0,03 0,03 0,002 0,20 1,32

410 0,008 0,24 1,77 0,009 0,008 25,1 22,2 2,3 0,02 0,02 0,002 0,067 0,08Ti 1,21
411 0,055 1,20 1,75 0,011 0,008 24,2 20,4 0,08 0,02 0,03 0,015 0,051 0,09Ti 1,15
412 0,13 0,52 1,67 0,009 0,003 24,3 20,5 0,11 0,03 0,04 0,023 0,053 0,08Ti 1,03
413 0,013 0,48 1,74 0,007 0,003 19,2 25,1 4,44 1,51 0,02 0,034 0,035 O,07Ti 0,07Ce 0,94

414 0,41 1,00 1,34 0,007 0,010 25,2 20,6 0,08 0,02 0,06 0,016 0,022 0,10Ti 0,89
415 0,07 0,62 0,56 0,007 0,003 21,1 30,9 0,06 0,02 0,02 0,39 0,019 0,40Ti 0,71

• Equivalents according to [78, 83Jsee chapter 6.

Table 8.2 d: High Speed Steels, composition (wt-%).

Steel C Si Mn P S Cr Ni Mo Cu Co W V Altot N
Number

501 0,88 0,30 0,32 0,030 0,017 3,9 0,36 4,9 0,10 0,30 6,1 1,9 0,022 0,036
n n~"'7 'l Q n 14 q? 011 0.05 1,5 2,0 0,010 0,036
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Table 8.3 a: Carbon and Low Alloy Steels,liquidus and solidus temperatures and temperatures of formation of austenite and precipitates.

Average Temperatures, cC, ofCooling
Steel Rate Primary Formation of Formation of
Number Type Analyses °C/s Phase Liquidus Austenite Precipitates Solidus

Carbon:
201 0,1 % C 2,0 1513 1476 1445

0,5 1513 1476 1450
0,1 1515 1475 1455

202 0,12% C 2,0 1514 1471 1440
0,5 1515 1475 1440
0,1 1514 1477 1460

203 0,18% C 2,0 1507 1467 1415
0,5 1506 1470 1430
0,1 1507 1473 1460

204 0,2%C 2,0 1503 1480 1425
0,5 1503 1477 1440
0,1 1506 1480 1460

205 0,4% C 2,0 1496 1479 1415
0,5 /) 1498 1480 1425
0,1 1501 1483 1440

206 0,7% C 2,0 1471 1370-1335 Fe3P-Fe3C- 1335
0,5 y 1466 1370-1355-austenite 1355
0,1 1474 1420-1370 eutectic 1370

207 1,0% C 2,0 1457 1310
0,5 y 1457 1320
0,1 1459 1340

Low Alloy:
208 0,1%C Cr Ni 2,0 1501 1485 1450

0,5 1501 1485 1450
0,1 1502 1487 1465

209 0,2%C Cr Ni 2,0 1502 1474 1460-1420 1420
0,5 1502 1474 1460-1425 MnS 1425
0,1 1503 1465 -1445 1445

210 0,3%C Cr Ni Mo 2,0 1487 1471 1395
0,5 1493 1490 1430
0,1 1492 1490 1445

211 0,3% C Cr Mo 2,0 1501 1460 1420
0,5 /) 1501 1471 1435
0,1 1503 1475 1450

212 0,3%C Cr Ni Mo 2,0 y 1486 1415
0,5 /) 1487 1478 1425
0,1 b 1486 1477 1435

213 0,35% C Cr Mo 2,0 1494 1479 1405
0,5 /) 1493 1474 1415
0,1 1495 1480 1425

214 0,5% C Cr 2,0 1482 1380
0,5 y 1482 1385
0,1 1483 1400

215 0,55% C Cr Ni Mo 2,0 1471 1365-1335 carbide- 1335
0,5 y 1471 -1370 -austenite 1370
0,1 1472 -1375 eutectic 1375

216 1,0%C Cr 2,0 1450 1320-1270 Fe3P-carbide- 1270
0,5 y 1450 1340-1300 -austenite 1300
0,1 1451 -1300 eutectic 1300
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Table 8.3 b: Chromium Steels, liquidus and solidus temperatures and temperatures of formation of austenite and precipitates.

Average Temperatures, QC,ofCooling
Steel Rate Primary Formation of Formation of
Number Type Analyses °C/s Phase Liquidus Austenite Precipitates Solidus

301 0,1 %C 5% Cr 2,0 1508 1443 1405
0,5 1501 1426 1415
0,1 1506 1444 1440

302 0,35% C Mo V 5% Cr 2,0 1471 1370 1335
0,5 1464 1387 1360
0,1 1470 1412 1380

303 O,5%C Mo V 5% Cr 2,0 1460 1410 1320-1240 MC- 1140
0,5 1460 1410 1345-1300-austenite 1240
0,1 1460 1412 -1320 eutecti c 1260

304 1,0%C Mo 5% Cr 2,0 1435 1150-1130 M7C3- 1130
0,5 y 1434 -1200-austenite 1200
0,1 1438 -1215 eutectic 1215

305 0,04% C 5% Ni 13% Cr 2,0 1470 1410 1355
0,5 1476 1419 1395
0,1 1476 1425 1420

306 0,07% C 13% Cr 2,0 1497 1435
0,5 1500 1440
0,1 1500 1455

2,0 solid phase 1325-1270
0,5 6~y 1330-1290

307 0,1 %C Ni 12% Cr 2,0 1490 1416 1390
0,5 1495 1425 1400
0,1 1494 1401 1400

308 0,3%C 14% Cr 2,0 1480 1400 1370
0,5 1483 1407 1375
0,1 1482 1401 1390

309 0,7% C 13% Cr 2,0 1442 1414 1240-1195 M7C3- 1195
0,5 1448 1422 1250-1240-austenite 1240
0,1 1444 1415 1260-1245 eutectic 1245

Table 8.3 d: High Speed Steels, liquidus and solidus temperatures and temperatures of formation of austenite and precipitates.

Temperatures, QC,of

Average Start of For- Formation
Cooling Start of mation of of Carbide

Steel Rate, Primary Formation MC-Austenite -Austenite
Number Type Analyses °C/s Phase Liquidus of Austenite Eutectic Eutectic Solidus

501 0,9%C 4% Cr 5%Mo 2,0 1414 1341 1260 1228 1175
6%W 2%V 0,5 1423 1342 1260 1232 M2C+ MsC 1185

0,1 1427 1350 1270 1255 1220

502 1,0% C 4%Cr 9%Mo 2,0 1401 1305 1222 1175
1,5%W 2%V 0,5 1400 1315 1226 MC+M2C 1180

0,1 1400 1322 1233 1185
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Table 8.3 c: Stainless and Heat Resistant Steels, liquidus and solidus temperatures and temperatures of formation of austenite and
precipitates.

Average Temperatures, °C, ofCooling
Steel Rate Primary Formation of Formation of
Number Type Analyses °C/s Phase Liquidus Austenite Precipitates Solidus

401 0,04% C 25% Cr 5% Ni Mo 2,0 1465 1390
0,5 1471 1410
0,1 1469 1420

402 0,01 % C 20% Cr 10% Ni 2,0 1447 1366 1325
0,5 1454 1391 1360
0,1 1449 1405 1390

403 0,02% C 19%Cr 10%Ni 2,0 1447 1404 1365
0,5 1455 1415 1390
0,1 1453 1418 1405

404 0,04% C 18%Cr 9% Ni 2,0 1452 1423 1365
0,5 1451 1409 1385
0,1 1452 1424 1405

405 0,07% C 17 % Cr 10% Ni Ti 2,0 1436 1397 1335
0,5 1440 1406 1370
0,1 1440 1412 1390

406 0,05% C 17% Cr 12% Ni 2,8% Mo Nb 2,0 1420 1410' 1330-1275 NbC- 1275
0,5 o+y 1423 1418' 1330-1290-austenite 1290
0,1 1424 1417* 1330-1305 eutectic 1305

407 0,02% C 17% Cr 13% Ni 2,5% Mo 2,0 1423 1418' 1345
0,5 o+y 1427 1421' 1375
0,1 1428 1425' 1380

408 0,05% C 18% Cr 13% Ni 2,5% Mo 2,0 1419 1414' 1330
0,5 o+y 1423 1422' 1360
0,1 1421 1415' 1370

409 0,02% C 17 %Cr 13% Ni 2,0 1411 1310

2,5% Mo 0,2% N 0,5 Y 1421 1350
0,1 1422 1370

410 0,01 % C 25% Cr 22% Ni 2% Mo 2,0 1401 1335
0,5 y 1402 1345
0,1 1401 1355

411 0,07% C 24% Cr 20% Ni 2,0 1399 1315
0,5 y 1401 1330
0,1 1399 1350

412 O,1%C 24% Cr 20% Ni 2,0 1405 1325
0,5 Y 1407 1335
0,1 1405 1355

413 0,01 % C 19% Cr 25% Ni 4% Mo 2,0 1389 1305

1,5%Cu 0,5 Y 1391 1315

0,1 1391 1345

414 0,4% C 25% Cr 20% Ni 2,0 1383 1275-1260 M23C6- 1260

0,5 y 1385 1285-1275-austenite 1275
0,1 1385 1290-1280 eutectic 1280

415 0,07% C 21 % Cr 31 % Ni 2,0 1399 1305-1280 formation 1280
0,5 Y 1401 1310-1295 of titanium 1295
0,1 1400 1350-1330 compounds 1330

, The temperatures refer to the maximum rate of formation of austenite.
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Table 8.4 a: Carbon and Low Alloy Steels, secondary dendrite arm spacings (f.lm).

Partly Solidified Completely Solidified
Average Cooling Average Cooling

Steel
Rate, QC/s Rate, QC/s

Number Type Analyses 0,5 2,0 0,5 0,1

Carbon:
201 0,1 %C 65 80 130 300
202 0,12% C 70 85 200 390
203 0,18% C 65 80 190 250
204 0,2 %C 85 75 120 230
205 0,4 % C 50 85 90 280
206 0,7 %C 70 75 130 160
207 1,0 %C 50 70 80 210

Low Alloy:
208 0,1 %C Cr Ni 70 75 110 250
209 0,2 %C Cr Ni 60 85 110 180
210 0,3 %C Cr Ni Mo 60 70 90 160
211 0,3 %C Cr Mo 60 70 90 150
212 0,3 %C Cr Ni Mo 70 75 110 180
213 0,35% C Cr Mo 65 80 100 190
214 0,5 % C Cr 55 75 90 140
215 0,55% C Cr Ni Mo 65 70 90 130
216 1,0 %C Cr 60 75 90 140

Table 8.4 b: Chromium Steels, secondary dendrite arm spacings (f.lm).

Partly Solidified Completely Solidified
Average Cooling Average Cooling

Steel
Rate, QC/s Rate, QC/s

Number Type Analyses 0,5 2,0 0,5 0,1

301 0,1 %C 5 % Cr 65 85 160 275
302 0,35% C Mo V 5 %Cr 55 70 80 120
303 0,5 %C Mo V 5 % Cr 55 60 80 110
304 1,0 % C Mo 5 % Cr 55 65 80 110

305 0,04% C 5% Ni 13% Cr 75 140 240 520
306 0,07% C 13%Cr 90 205 260
307 0,1 %C Ni 12 % Cr 75 150 180 470
308 0,3 % C 14% Cr 75 75 100 210
309 0,7 % C 13% Cr 50 65 80 130

Table 8.4 c: Stainless and Heat Resistant Steels, secondary dendrite arm spacings (f.lm).

Partly Solidified Completely Solidified
Average Cooling Average Cooling

Steel
Rate, QC/s Rate, QC/s

Number Type Analyses 0,5 2,0 0,5 0,1

401 0,04% C 25% Cr 5 %Ni Mo 70 115 280 550
402 0,01 % C 20% Cr 10% Ni 60 150 270 450
403 0,02% C 19% Cr 10% Ni 65 130 160 500
404 0,04% C 18% Cr 9 %Ni 40 125 190 340
405 0,07% C 17% Cr 10% Ni Ti 50 85 110 200

406 0,05% C 17% Cr 12% Ni 2,8% Mo Nb 45 65 80 135
407 0,02% C 17%Cr 13% Ni 2,5% Mo 55 40 90 100
408 0,05% C 18% Cr 13% Ni 2,5% Mo 50 55 85 140
409 0,02% C 17% Cr 13% Ni 2,5% Mo 0,2% N 40 45 70 105

410 0,01 % C 25% Cr 22% Ni 2% Mo 60 60 80 160
411 0,07% C 24% Cr 20% Ni 65 55 85 125
412 0,1 %C 24% Cr 20% Ni 60 65 90 125
413 0,01 % C 19%Cr 25% Ni 4%Mo 1,5% Cu 70 55 80 120

414 0,4 %C 25% Cr 20% Ni 60 50 80 105
<;n Q<; 14<;
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Table 8.4 d: High Speed Steels, secondary dendrite arm spacings (J.'m).

Completely Solidified
Average Cooling
Rate,oC/s

Steel
Number

501
502

Type Analyses

0,9%C 4%Cr 5%Mo 6%W 2%V
1,0%C 4%Cr 9%Mo 1,5%W 2%V

Partly Solidified
Average Cooling
Rate,oC/s

0,5

35
35

2,0

30
25

0,5

40
35

0,1

85
70

Table 8.5 a: Carbon Steels, microsegregation in completely
solidified samples, (average cooling rate 0,5°C/s).

Steel Type Ele-
Number Analyses ment

201 0,1%C Mn 1,3
202 0,12%C Mn 1,4
203 0,18% C Mn 1,4
204 0,2%C Mn 1,6
205 0,4% C Mn 1,6
206 0,7%C Mn 1,7
207 1,0% C Mn 2,1

Table 8.5 b: Low Alloy Steels, microsegregation in completely
solidified samples, (average cooling rate 0,5°C/s).

Table 8.5 c: Chromium Steels, microsegregation in completely
solidified samples, (average cooling rate 0,5°C/s).

Steel Type
Number Analyses

208 0,1 % C Cr Ni

209 0,2%C Cr Ni

210 0,3%C Cr Ni Mo

211 0,3%C Cr Mo

212 0,3%C Cr Ni Mo

213 0,35% C Cr Mo

214 0,5% C Cr

215 0,55% C Cr Ni Mo

216 1,0% C Cr

Ele-
ment

Cr 1,3
Ni 1,4
Mo 2,5

Cr 1,5
Ni 1,4

Cr 1,6
Ni 1,3
Mo 2,2
V 2,0

Cr 1,6
Mo 2,0

Cr 1,7
Ni 1,4
Mo 2,2

Cr 1,5
Mo 2,4

Cr 2,1
V 1,9

Cr 2,1
Ni 1,2
Mo 2,5
V 2,0

Cr 2,6

Steel Type
Number Analyses

301 0,1 % C 5 % Cr

302 0,35%C Mo V 5%Cr

303 0,5% C Mo V 5% Cr

304 1% C Mo 5 % Cr

305 0,04% C 5% Ni 13% Cr

306 0,07% C 13% Cr

307 0,1 % C Ni 12% Cr

308 0,3%C 14% Cr

309 0,7% C 13% Cr

Ele-
ment

Cr 1,1
Mo 1,4

Cr 1,2
Ni 1,0
Mo 1,5
V 1,7

Cr 1,3
Mo 1,5
V 1,3

Cr 1,4
Mo 1,9
V 1,7

Cr 1,1
Ni 1,2

Cr 1,0
Ni 1,0

Cr 1,1
Ni 1,3

Cr 1,2
Ni 1,0

Cr 1,2
Ni 1,0

Table 8.5 e: High Speed Steels, microsegregation in completely solidified samples, (average cooling rate 0,5°C/s).

Steel
Number Type Analyses

501 0,9%C 4%Cr 5%Mo 6%W 2%V

502 1,0% C 4% Cr 9% Mo 1,5% W 2% V

Ele-
ment

Cr 1,6
Mo 1,2
W 0,8
V 0,9

Cr 1,8
Mo 1,1
W 0,6
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Table 8.5 d: Stainless and Heat Resistant Steels, microsegregation in completely solidified samples, (average cooling rate 0,5°C/s).

Steel
Number Type Analyses

401 0,04% C 25% Cr 5% Ni Mo

402 0,01 % C 20% Cr 10% Ni

403 0,02%C 19%Cr 10%Ni

404 0,04% C 18% Cr 9% Ni

405 O,07%C 17%Cr 10%Ni Ti

406 0,05%C 17%Cr 12%Ni 2,8%Mo Nb

407 O,02%C 17%Cr 13%Ni 2,5%Mo

408 0,05% C 18% Cr 13% Ni 2,5% Mo

409 O,02%C 17%Cr 13%Ni 2,5%Mo O,2%N

410 0,01%C 25%Cr 22%Ni 2%Mo

411 0,07% C 24% Cr 20% Ni

412 0,1 % C 24% Cr 20% Ni

413 0,01 % C 19% Cr 25% Ni 4% Mo 1,5% Cu

414 0,4% C 25% Cr 20% Ni

415 O,07%C 21%Cr 31%Ni

Ele-
ment

Mn 1,3
Cr 1,0
Ni 1,2
Mo 1,3
Si 1,7
Mn 1,4
Cr 1,0
Ni 1,5
Si 1,6
Mn 1,5
Cr 1,1
Ni 1,5
Mn 1,2
Cr 1,1
Ni 1,3
Si 1,6
Mn 1,6
Cr 1,1
Ni 1,5

Si 1,7
Mn 1,5
Cr 1,1
Ni 1,4
Mn 1,5
Cr 1,2
Ni 1,2
Mo 2,2
Mn 1,6
Cr 1,2
Ni 1,2
Mo 2,1
Mn 1,6
Cr 1,2
Ni 1,1
Mo 2,1

Mn 1,6
Cr 1,2
Ni 1,1
Mo 2,3
Si 2,4
Mn 1,9
Cr 1,2
Ni 1,2
Si 2,5
Mn 1,9
Cr 1,2
Ni 1,2
Si 1,8
Mn 1,7
Cr 1,2
Ni 1,1
Mo 2,0

Si 2,1
Mn 1,6
Cr 1,2
Ni 1,1
Si 2,3
Mn 1,7
Cr 1,2
Ni 1,1

1,2
0,7

1,2
0,7

1,2
0,7

1,2
0,7

1,3 1,1
0,6 0,8

1,2
0,8

1,2
0,7

1,2
0,8



162

Table 8.6: Stainless and Heat Resistant Steels, formation of primary <'i-ferrite and ferrite content in completely solidified samples at the
solidus temperature and at 1200°C.

Ferrite in
Average Solidified Completely

Steel Cooling as Primary Solidified
Number Type Analyses Rate,OC/s <'i,% Sample, %

401 0,04% C 25% Cr 5%Ni Mo 2,0 100
0,5 100
0,1 100

402 0,01 % C 20% Cr 10% Ni 2,0 92 13
0,5 91 19
0,1 97 20
0,5 (1200°C) 9

403 0,02% C 19% Cr 10% Ni 2,0 91 11
0,5 92 13
0,1 98 9
0,5 (1200°C) 5,8

404 0,04% C 18% Cr 9%Ni 2,0 84 2,3
0,5 82 4,7
0,1 86 10
0,5 (1200°C) 2,0

405 0,07% C 17% Cr 10% Ni Ti 2,0 82 6
0,5 82 8
0,1 82 4,8
0,5 (1200°C) 4,1

406 0,05% C 17% Cr 12% Ni 2,8% Mo Nb 2,0 < 60 4,0
0,5 < 45 4,0
0,1 < 42 3,9
0,5 (1200°C) 2,9

407 0,02% C 17% Cr 13% Ni 2,5% Mo 2,0 < 46 5,5
0,5 < 50 5,6
0,1 < 34 4,4
0,5 (1200°C) 3,5

408 0,05% C 18% Cr 13% Ni 2,5% Mo 2,0 < 36 4,0
0,5 < 35 5,0
0,1 < 34 5,5
0,5 (1200°C) 0,1

409 0,02% C 17% Cr 13% Ni 2,5% Mo 0,2% N 2,0 0 0,8
0,5 0 0,8
0,1 0 0,8
0,5 (1200°C) 0,1

410 0,01 % C 25% Cr 22% Ni 2%Mo 2,0 0 1,0
0,5 0 1,0
0,1 0 1,0
0,5 (1200°C) 0,7

412 O,1%C 24% Cr 20% Ni 2,0 0 0,5
0,5 0 0,5
0,1 0 0,5
0,5 (1200°C) 0,4

Table 8.7: Chromium, Heat Resistant and High Speed Steels, carbide content in completely solidified samples (vol-%).

Steel
Number

309

414

501

502

Type Analyses

Chromium Steel
O,7%C 13%Cr

Heat Resistant Steel
O,4%C 25%C 20%Ni

High Speed Steels
O,9%C 4%Cr 5%Mo 6%W 2%V

1,0% C 4% Cr 9% Mo 1,5% W 2% V

Type of
Carbide

MC+M2C+MsC

MC + M2C

Average Cooling Rate, °C/s

2,0 0,5 0,1

4,5 3,5 2,4

11,4 8,0 (1230°C) 7,2
10,7 (1100°C)

9 12

9 10










