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ABSTRACT

The hardenability of alloyed ductile cast irons was studied for 54 different alloy compositions
obtained from eight commercial and laboratory foundries. The alloying elements investigated for
their effects on hardenability were Si(2.0 to 3.0%), Mn(0.0 to 0.8%), Mo(0.0 to 0.6%), Cu(0.0
to 1.5%), and Ni(0.0 to 1.5%).

Two hardenability criteria, a first - pearlite hardenability criterion and a half — hard hardenability
criterion, were used to determine hardenability of ductile irons.

Prediction models for each hardenability criterion were developed by multiple regression analysis
and were well agreed with previous experimental results. Molybdenum was the most potent
hardenability promoting element followed by manganese, copper and nickel ; silicon had little effect
on hardenability and reduced the haedenability as silicon content increased. When alloying elements
were presented in combination, strong synergistic effects on the hardenability were -observed
especially between molybdenum, copper and nickel,

The hardenability of ductile iron was strongly influenced by austenitizing temperature. Increasing
austenitizing temperature up to 955°C, hardenablilty increased gradually but decreasing rate and then
decreased as temperature increased above 995C. Unless reducing segregation by very long - time
annealing treatment, the hardenability of ductile iron was not significantly influenced by segregation
of alloying elements.
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Table 2. Summary of Chemical Analysis Data..

(@) Range of Elements Varied to Determine Effects
of Alloying Element on Hardenability

Element wt. Pct. Remarks
Cc 3.4-39 Total Carbon
C(matrix) 0.6 - 1.2 Matrix Carbon

Si 2.0 - 3.1
Mn 0.0 - 0.8
Mo 0.0 - 0.6
Cu 0.0 - 15
Ni 0.0-15

(b) Minor Elements Held Constant for All Specimens|

P < 0.045 Nominal Addition

S < 0.040 Nominal Addition
Cr < 0.060 Noimnal Addition
Al < 0.050 Nominal Addition
Mg 0.030 - 0. 065

1. Calculated value using the following expression ;
% C (matrix ) = T, /420 - 0.17 (1Si) - 0.95
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Table 3 Hardenability of Ductile Irons Studied.

b) Half - Hard Criterion

of hardenability.

Hardenability values in 1/16 inch(values
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Fig.2 Effects of manganese on the hardenability (Jp)
for the first-pearlite and the half - hard
criteria.
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Fig.3 Effects of molybdenum on the hardenability (Jp)
for the first- pearlite and the half—hard
criteria.
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Table 4 Effect of Alloy Combinations on Hardena-
bility .

Hardenability
Jd(1/16 in)

Composition
Mo Cu N

0.0 0.0 0.0 8.0
0.2 0.0 0.0 10.7
0.0 0.5 0.5 12.0
0.2 0.5 0.5 20.8
0.2 1.0 Lo 312
0.4 0.0 0.0 12.2

0.4 0.5 0.5 42.0
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Fig.7 Comparison of hardenability vs austemperability.
Table 5 Parameters Indicating the Goodness of fit

for the Complex Equation (first - pearlite
criterion, Eq.[1]).

Parameter Value

Multiple correlation coefficient (R) 0.9&

R? 0. 965
Adjusted R? 0.962
Standard Error 1. 43 (2.27 mm)

F - Ratio 321.6
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Fig.9 Observed hardenability vs calculated
hardenability for the hardenability criterion
(Eq.[2]). *indicates multiple data points,
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Table 6 Parameters Indication the Goodness of fit for
the complex Equation(half—hard Criterion,

Eq.(2]).
Parameter Value
Multiple correlation coefficient (R) 0.984
R? 0. 968
Adjusted R? 0. 965
Standard Error 1.5(2.4 mm)
F-Ratio 299. 4
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Fig.10 Comparison of calculated hardrnability vs
measured hardenability .
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Fig.11 The effect of austenitizing temperature on the
hardenability of unalloyed and alloyed ductile
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Fig.12 Effects of long time annealing treatment on the
hardenability of a 0.6% Mn-0.3% Cu ductile
iron austenitized at 900°C for two hours,
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Fig.13 Effects of long time annealing treatment on the
hardenability of a 0.2 % Mn-0.2 % Mo-0.2%
Cu ductile iron austenitized at 900 °C (1650 °F)
for two hours.
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Fig.14 Effects of nodule count on the hardenability of
0.2% Mn-0.3% Cu-0.4% Ni alloyed ductile
iron austenitized at 871°C (1600°F) for two

hours.
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Fig.15 Effects of nodule count on the hardenability of
0.2% Cu alloyed ductile iron austenitized at
870°C (1600°F) for two hours.
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