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ABSTRACT

Austempered ductile iron containing nickel was investi-
gated as an economical substitute for alloy steel
forgings currently used as critical componen ts in armored
vehicles (M113 personnel carrier). An optimum austemper
treatmen t evolved which resulted in a cast ductile iron
which delivered 135 ksi ultimate , 97 ksi yield strength
and 11% elongation . Low temperature (—407) impact
toughness was 3 ft-lbs and rotational bending fatigue
strength was 62.5 ksi at room temperature. A quantity
of select components namely, suspension arm , sprocket

- - and track shoe were cast , heat treated and finished
machined to demonstrate the applicability of the manu-
facturing process as well as the service performance
of these cast componen ts when subjected to f ie ld  testing
un der extreme environmental conditions .

iii 

—— ~~--



P . 

-

~~~~~~~~~

-

~

TABLE OF CONTENTS

Section

I. Introduction 1

II. Experimental Work 2

2.1 Materials 2

2.2 Heat Treatments 2

III. Experimental Results 3

3.1 As—Cast Mechanical Properties 3

3.2 Heat Treated Mechanical Properties 4

IV. Discussion 5

V. Economic Analys is 7 H

VI . Production of Prototype Ductile Iron Components 8

6.1 Components and Pattern Molds 8

6.2 Melting and Treating 8

6.3 Heat Treatment 8

6.4 Machining 9

VII. Conclusions 9

Distribution Liøt

1473 Form

iv 



~~~~~ ‘t ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~

LIST OF ILLUSTRATIONS

1. Configuration and Dimensions of Nodular Iron Csst 11
“Y” Block

2. As-Cast Microstructure of Nodular Iron Heat No. 1 12
(0.75 Ni)

3. As-Cast Microstructure of Nodular Iron Heat No. 2 13
(1.5 Ni)

4. Microstruc ture of Heat Treated Nodular Iron 14
Containing 0.75% Nickel

5. Microstructure of Heat Treated Nodular Iron 14
Containing 1.5% Nickel

6. Mechanical Properties of Heat Treated Nodular 15
Iron Containin g 0.75% Nickel , Auatenit ized at
1600°F and Austempered

7. Mechan ical Properties of Heat Treated Nodular 16
Iron Contain ing 0.70% Nickel , Austenitized at
1650°F and Austempered

8. Mechanical Properties of Heat Treated Nodular 17
Iron0Contain ing 1.5% Nickel , Austenitized at1600 F and Austespered

9. Mechan ical Properties of Heat Treated Nodular 18
Iron Contain ing 1.5% Nickel , Austenitized at
1650°F and Aus tempered

10. Mechan ical Prop.rties of Heat Treated Nodular 19
Iron0Contain ing 1.5% Nickel , Austenitized at
1600 F , Held at 1350°F for One Hour and
Austempered

11. Mechan ical Properties of Heat Treated Nodular 20
Iron Contain ing 0.75~ Nickel , Austenitized at1600°F , Held at 1350”F for One Hour and
Aus tempered

12. As-Cast Ductile Iron Track Shoe 21

13. As-Cast Ductile Iron Sprocket 22

14. As-Cast Ductile Iron Suspension Arm 23

V

_ _ _ _ _ _ _



::i r~~~ ~~“

LIST OF ILLUSTRATIONS

Figure ~ i!.

15. Pattern Mold for Track Shoe 24

16. Pattern Mold for Sprocket 25

17. Pattern Mold for Road Arm 26

vi



LIST OF TABLES

TABLE PAGE

I. Chemical Composition of Ductile Iron Alloys 27

II. As-Cast Mechanical Properties of Ductile Iron 28

III. Tensile Property Data for Ductile Iron ~ontaining 0.75 29
Percent Nickel and Austenitized at 1600 F for 1 Hour
and Austempered at Various Temperatures for Either
30 Minutes or 60 Minutes

IV. Tensile Property Data for Ductile Iron Containing 1.5 30
Percent Nicke l and Austenitized at 1600°F for 1 Hour
and Austempered at Various Temperatures for Either
30 Minutes or 60 Minutes

V. Tensile Property Data for Ductile Iron Contain ing 0.75 31
Percent Nicke l and Austenitized at 1650°F for 1 Hour
and Austempered at Var ious Temperatures for Either
30 Minutes or 60 Minutes

VI. Tensile Property Data for Ductile Iron ~ontaining 1.5 32
Percent Nickel and Austenitized at 1650 P for 1 Hour
and Austempered at Various Temperatures for Either
30 Minutes or 60 Minutes

VII. Tensile Property Data for Ductile Iron containing 0.75 33
Percent Nickel and Austenitized at 1600 F for ~, Hour ,
Transferred to and Held in a Salt Bath at 1350 F for
1 Hour and Austempered at Various Temperatures for
Either 30 Minutes or 60 Minutes

VIII. Tensile Property Data for Ductile Iron containing 1.5
Percent Nickel and Austenitized at 1600 F for ~ Hour,
Transferred to and Held in a Salt Bath at 1350 F for
1 Hour and Austempered at Various Temperatures for
Either 30 Minutes or 60 Minutes

IX. Charpy V-Notch Impact Values at Selected Test 35
Temperatures for 0.75 Percent Nickel Ductile Cast
Iron Given Various Heat Treatments

X. Estimated Costs to Supply Selected Ductile Iron Parts 36

XI. Mechanical Properties of Various Ductile Iron Grades 37
• at Room Temperature (80°F)

vii 

~~~- - -~~~~~~~~~~~~~ - -~~~~~~~~~~~~



- - a~~~~~~~~~~.as~~~~~~~~~~~~ -

I. Introduction

Ductile iron is a f a m i l y  of ferrous alloys which combines the
fabr icat ion ease and economical benef i t s  of gray iro f l  (low melting
points , good f l u i d i t y  and ca s t ab i l i t y, excellent mach inab i l i ty and
good wear resis tance)  wi th  many of the engineering advantages  of
steel (high strength , duc t i l i t y , hot workab i l i ty  and h a r d e n a b i l i t y) .
As w i t h  most ferrous alloys , the s t rength  and p l a s t i c i t y  of ductile
iron is cont ingent  upon heat t reat  methods as well as a l loying
additions. Increased s t rength  results in decreased d u c t i l i t y .
Further , as the temperature of t he operat ing or serv ice env ironment
is decreased , the plasticity and toughness of ductile iron are also
adversely affected. Thus conventionally processed ductile irons
have not  found accep tance in applications that encounter high loading
and low temperatures of nil—ductility. Accordingly. ~1uctile cast
irons 1ia~ e not  been employed interchangeably with steel components
owing to the aforementioned limitations.

Vehicular cor:iponents are required to operate in a wide range of
temperatures ranging from possibly 125°F to —65°F an d as such must
be fabricated in materials capable of providing the required
engineering properties throughout this temperature range. Thus the
use of ductile iron for critical vehicular components subjected to
h~~h loa ding has been quite limited .

The purpose of this work was to investigate the influence of various
aspects of heat treatment of ductile iron castings to secure high
strengths in conjunction with improved low temperature ductility
and toughness and thereby provide a cost effective alternative to
steel components. The specific objectives of the program were :

1. To evolve an isothermal heat treatment and chemistry influence
of ductile iron to improve the mechanical propert ies of t he
component for use in low temperature environment.

2. To evolve a manufac tu r ing  process with suf f ic ien t  qual i ty
control  for  reproducible and constant mechan ical properties
of i f e ms  processed by this method .

‘the program was staged as a two—phase effort. The first phase was
primarily focused on ascertaining the influence of chemistry and

• isothermal heat treat variables in obtaining a ductile cast iron
with acceptable strength and low temperature toughness . The second
phase sought to utilize the information generated in phase one and
explore further the production , heat treatment and field evaluation
of selected components in the preferred metallurgical conditions.

1
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PHASE I

II. Exper imenta l  Program

The objective of the experimental program was to develop ductile iron
alloys and heat treatments which would be capable of providing impro~ied
low temperature ductility and toughness at the required high strength
levels. These alloys and heat treatments were to be compatible with
foundry and heat treatmen t operations so that full exploitation in
the manufacture of vehicular components could be made if the program
were successful.

The Phase One experimental program utilized Y-blocks as the test
approach for assessing chemical composition and ~~at treatment e f fec ts
on mechan ical properties of ductile irons. In all , approximately
230 Y-blocks were cast in two ductile iron alloys and twenty—four heat
treatmen ts were investigated. Figure 1 typifies the Y-block.

2.1 Materials

Two ductile iron alloys were selected for investigation . The con-
straints in specifying the chemical composition were to maintain the
silicon level below 2.75 percent consistent with a suitable carbon
equivalent and to utilize two levels of nickel as alloying elements .
The reason for controlling the silicon content to a low level is to
min imize the effects of raising the impact transition temperature at
high silicon levels. Nickel was selected as an alloy ing element
because it has no kn own de leterious effects  and because of its potential
to increase hardenability, strength and toughness in ductile iron. The
target compositions for nickel of two iron alloys were 0.75 percent
and 1.50 percent.

One hundred and ten Y—blocks were produced from each heat  (220 t o t a l) .
To f u r t h e r  q u a n t i f y  the as—cast  properties , meta llographic samp les
were examined and two 0.505-inch diameter tensile specimens were
prepared from the Y-blocks and tested for each heat.

2.2 Heat Tre atments

The isothermal heat treatments were an austemper type . That is,
auston itize , quench to an intermediate temperature at which bainite
would form , hold unt il transformat ion is complete an d a ir cool. The
austemper (isothermal quench) approach was undertaken because this
type of treatment tends to produce improved toughness at high
strengths in ferrous alloys .

One hundred and forty-eight Y-blocks (74 from the 0.75 nickel
heat and 74 from the 1.50 nickel heat) were sectioned to produce 1 inch
by 1 inch by 6 inch test coupons for heat treatment. Test specimens
from each of the two heats were given the follow in g heat treatments .

2
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2 . 2  Heat Trea tments  ( C o n t ’d . )

1. tusten~,tize at 1600°F for ~ne hour , isothermal quenc ’: (austemper)
to 600 F , 700 , 800 and 900”F f or 30 minutes and 60 minutes ,
followed by an air cool.

2. Austen~tize at 1650°g for one sour , isothermal quench (austemper)
to 600 F, 700°F, 800 F and 900 F for 30 minutes and 60 minutes ,
followed by an air cool.

0 o3. Austenitize at 1600 F for one hour , isothermal quench to 1350 F
for one ho8r, followed by a second isothermal quench to 600°F,
700°F, 800 F and 900°F for 30 minutes and 60 minu tes  followed
by air cool.

Austenitizing was conducted in a salt bath furnace conta in ing  a
neutral salt. All austenitizing temperatures were con trolled within
a 5°F range . The isothermal transformations were also performed in
molten salt bath and temperatures were within ±10°T of the aim .

Af ter heat treatment , ainell hardness tests were taken and Standard
ASTM A536 0.505 inch diameter tensile bars were machined from the
heat treated specimens. After machining the specimens , tensile tests
were conducted at room temperature. Charpy V-notch test bars were
machined in ”coupons”which were heat treated in preferred conditions
based on the tensile data.

Review of the heat treat experimental matrix indicates that the results
of the program will  discern the e f fec t  of nickel cont ro l .  aus teni t iz ing
temperature , two stage isothermal quench versus single stage isothermal
quench , isothermal quench temperature and time of the isothermal quench
temperature on mechan ical properties.

Figures 4 and 5 show typical microstructures of the 2-stage austemper
treatment. Examination of these photomicrographs clearly indicates
the hardenability effects of nickel in ductile iron . The two-stage
heat treatment of the 0.75 percent nickel ductile iron specimen
indicates that one hour 1350°F is sufficient time to complete trans-
formation from austenite to ferr i te  and pearlite . Whereas wi th  the
1.5 percent nickel ductile iron,holding at 1350°F for one hour is not
sufficient to start transformation at this temperature . The subsequen t
quench to 700°F and holding for 1 hour resulted in t r ans fo rming  the
austeriitie to bain ite. This effect of nickel to significantly
shift the continuous cooling transformation curve of ductile iron is
noteworthy ari d allows for the potential application of austenipering
to produce 100 percent ba inite structures in parts having r ather
thick cross sections.

III. Experimental Results

3.1 As-Cast Mechan ical Properties

The compositions of the two ductile iron alloys produced for this study
are listed in Table I. The carbon equivalent of Heat 1 is -1.20 and
for Heat 2 is 4.24. Review of Table I indicates t h at  the no;:iinal

3 
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3 . 1  As—Cast Mechan ical Properties (Cont’d.)

nickel aims of 0.75 percent and 1.50 percent were reasonably we 1l met ,
n amely 0.70 percent an d 1 .48 percent , respect ively .

Figures 2 and 3 show the as—cast microstructure of the two ductile
irons. The microstructure in both cases consis ted of gra phite
spheroids surrounded by ferrite in a pearlitic matrix . The graphite
morphology is predom inately nodular Type I, ASTM A247.

Tensile bars were machined from Y-blocks poured in the 0.75 percent
Ni and 1.5 percent Ni ductile irons. Duplicate 0.505—inch diameter
tensile bars were prepared and tested from each hea t .  Also Br inell
hardnesses were taken prior to machin ing the tensile bars. These
dat a ar e listed in Ta ble II.  It was an t ic ipated t hat a scatter in
the as—cast hardness and tensile properties may be present in the
test bars machined from the various Y—blocks . Th is apparent dif-
ference in properties is attributed to variations in shakeout time
of the Y—blocks after casting. Y—blocks which were shaken out in a
relatively short period of time after being poured would exhibit
higher strengths and hardnesses than those allowed to in—mold cool
for a longer period of time .

3.2 Heat Treated Mechanical Properties

As previously discussed , test coupons were machined from Y-blocks and
a variety of isothermal heat treatments were performed . For each heat
treatment two 1-inch by 1—inch by 6—inch test specimens were secured.
After heat treatment , Brinell hardness determinations were made and
standard 0.505—inch tensile bars were fabricated and tested. Tables III
through IX list the tensile properties. Figures 6 through 11 depict
these data.  Ultimate tensile strength and yielg strength appear to
undergo a min imum in the austemper range of 700 F to 300°F. Elongation
exhibits a maximum in the same temperature range.

A limited series of impact tests was conducted to typify and compare
the low temperature toughness properties of the single stage and two-
stage isothermal transformation heat treatments. The 0.75 percent
nickel alloy was selected as the candidate material. The treatments
which were selected were the ones exhibiting high strengths and
ductilities , namely the 1650°F austenitizing and 700°F isothermal
transformation for the single stage isothermal treatment and the 1600 F
austenitizing with 135007 intermediate treatment and 600°F isothermal
treatment for the two stage treatment.

Impact tests were conducted at room temperature , 0°F, -20°F and _400F.
The test results are listed in Table IX. The impact properties range
from approximately 5 to 8 ft-lbs at room temperature to 3 to 4 f t—lbs
at -40”F . Examination of the fracture surfaces indicated tha t  the
room temperature tests were 100% fibrous whereas the —40°F tests
wer8 0 percent fibrous . Accordingly, it can be assumed that  the
-40 F impact values are below the transition temperature and represent
a plane strain failure.

4 
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IV. Discu3slon

A number of observa tions can be made from the data which have been
presentcd. Included in these are:

1. Strength properties appear to go through a min imum in the
700-800°F range of isothermal transformation .

2. Ductility as measured by elongation exhibits a maximum in the
700— 800°F temperature isothermal transformation .

3. The dependence of mechan ical properties on the time of isothermal
transformation is less sensitive for the 0.75 percent n ickel
ductile cast iron than with the 1.5 percent nickel ductile cast
iron.

4. There is an effect of austenitizing temperature on the t ime!
temperature transformation characteristics. Within the confines
of the experimental matrix , this effect is more pronounced with
the 0.75 percent nickel ductile cast iron .

5. The single—stage treatment exhibits higher strength characteristics
than the two-stage treatment.

6. In comparing the single-stage treatment with the two-stage treat-
men t, maximum strength with reasonably good ductility can be
achieved via the single—stage route.

7. The optimum combination of high strength and high ductility
appears to be attained at the 60 minute 700°F single—stage
isothermal treatment.

8. With the 700°F isothermal heat treatment , the 0.75 percent nickel
ductile cast iron has equivalent mechan ical propert ies of the
1.5 percent nickel ductile cast iron.

The majority of the above observations can readily be explained in
terms of the continuous cooling transformation curves for ductile
cast irons. Apparently at 900 F the 60-minute isothermal treatment is
not a sufficient length of time to form intermediate transformation
products and quenching to room temperature produces substantial amounts
of martensite . This metallurgical structure has high stren gth an d low• duct i l i ty . The isothermal transformation at 700-300°F produces a
bainitic structure which has relatively high strength and good
ductility. The isothermal treatment at 600°F probably induces a
transformation to bainite and martensite which has higher strength but
less ductility than the 700-800°F treatment.

Insofar as the time effects on the 0.75 percen t nickel and 1.5 percent
nickol ductile cast irons are concerned , during the isothermal treat—
ments , the hig h nicke l content is shifting the time/transformation
curves to longer times. This shift is sufficie~-~t to influence the

5 J
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IV. fliscu~~ ion (Cont’d.)

amount of material transforming . Accordingly , in some instances there
is a d i f f e rence  in the mechan ical properties for the iron treated for
30 minutes as compared to the irons treated for 60 minutes.  With  the
0.75 percent nickel ductile cast iron, the time transformation curve
appears to be situated at an intermediate time span and treatment for
30 minutes apparently completes the transformation . The treatment
for the additional 30 minutes , in the 60 minutes treatment , does not
produce any significant differences in the test bar section size.

The effects of austenitizing temperature on properties are again
directly related to the time/temperature transformation characteristics.
Austenitizing at 1650°F assures that the alloying elements go more
readily into solution in the austenite than the 1600°F austenitizing
treatment. Therefore the time/temperature cha5acteristics are slightly
shifted to longer times at 1650°F than at 1600 F. The more pronounced
effect for the 0.75 percen t nickel ductile cast iron merely reflects
the sensitivity of the hardenability of this material when measured
at 30 minutes or 60 minute intervals. The 1.5 percent nickel ductile
cast Iron has sufficient hardenability so that measured properties of
iron isothermally treated for 60 minutes or 30 mi8utes is n8t
significantly influenced by austenitizing at 1650 F or 1600 F.

The following factors predicated on test results favor an optimum
selection of 0.75 nickel, 1650°F austenitizing temperature , and an
isothermal treatment at 700°F for 1 hour in order to attain the
properties sought for Phase II production of select prototype parts.

1. Optimum strength—ductility combination is effected at the 700°F
isothermal t reatment .

2. The 0.75 percent nickel ductile cast iron has equivalent
properties as the 1.5 percent nickel ductile cast iron .

3. The single—stage heat treatmen t yields higher strengths with
moderately high ductility as compared to the 2—stage
Isothermal treatment.

4. Longer t imes (1 hr) at hig her temperatures (1650°F) improved
low temperature toughness.

6
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V. Economic A n a l ysis

The u t i l i t y  of isothermal heat  t rea tment  of ductile iron is
dependent upon two factors . namely the capability of the processed
material to meet the nec2ssary mechanical çroperty requirements and
the relative economics of producing isothermally heat treated ductile
iron parts as compared to steel parts.

The preceding discussion has shown that isothermally heat treated
ductI le  iron has the potent ial ca pability for the manufacture  of
parts hav ing apprec iable strengt h and duct ility . The f ina l
applicabil i ty of this approach to componen t parts  would be to
fabricate candidate parts and to field test th em under controlled
conditions. This type of evaluation , fabrication and field testing,
wi l l  be undertaken in Phase II.

Insofar as the economic analysis is concerned , the comparison of
isothermal heat treated ductile iron parts with steel
components should be determined in terms of differences
in costs: For the purposes of this analysis it is assumed that  the
difference in cost factors associated with the two alternatives occurs
in the production of a part prior to machining and/or induction
harden ing. This assessment therefore concerns only a comparison of
costs differences of producing a forged and heat treated par t wit h
isothermally heat treated ductile cast iron parts . Any induction
hardening and machin ing cost is assumed to be the same.

In order to undertake this type of analysis three candidate parts
were selected for evaluation . These were :

Track Shoe K11646782
Sprocket 8673353
Road Arm Kl0875006

A number of ductile iron foundries were contacted and requested to
submit quotations for the above parts . Only one major foun dry
responded to these requests. The quoted costs are listed in
Table X. If it is assumed that 50,000 sprockets , 100,000 road arms
and 100,000 track shoes were p~~chas•d , the approximate ag—cast
costs per Item would be $15.37 for the road arms, $8.88 for the
track shoe and $17.71 for the sprockets . The cost for the isothermal
heat treatment is $0.10 per pound. The weights are 36 lbs for the
road arm , 19.6 lbs for the track shoe and 23.5 lbs for the sprocket.
Thus the heat treat costs would be $3.60, $1.96 and $2.35 for the
road arm , the track shoe and the sprocket , respectively.

Combin ing the heat treat costs with the as-cast costs the prices are
estimated to be:

Road Arms $18.97
• Track Shoe 10.84
Sprocket 20.06

These costs should be compared with the costs of similar forged and
heat treated (not induction hardened) parts. The International
Harvester Company has not been able to secure these cost data from
suppliers of these components. However, the U.S. Army can quite readily
determine this information from current procurement contracts .

_ _ _ _  —- •-~ -~~~---—-—-- 
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VI. Phase II - Production of Prototype Ductile Iron Components

This phase was primarily concerned with the cost production and
processing of select components of the M113 armored vehicle. During
this phase , patterns were made , preliminary casts were poured and
pattern molds were reworked to modify and correct casting dimensional
tolerances. The nominal ductile iron chemistry (percen t by weight)

• was as follows:

C Si Mn Cr Ni
3.40 2.60 0.60 0.10 0.75 0.058

6.1 Components and Pattern Molds

Three components of the Mll3 vehicle were selected namely , track shoe
P/N K11646782, sprocket P/N 8673353 , and road arm P/N kl0875006 . The
cast parts are pictorially shown in Figures 12, 13 and 14. The
patterns are pictorially shown in Figures 15, 16 and 17, respectively.
All parts were cast in green sand molds with shell cores.

6.2 Melting and Treating

The charge make up was melted in a silica lined core less induction
furnace of 20 tons capacity . After melt down , chemistry and
temperature adjustments, the molten metal was transferred (ladle)
to a channel induction 50-ton holding furnace where the temperature
was adjusted to maintain the desired range and chemistry (C, Si, S
and Cu) was monitored. From the holding furnace the metal was poured
into a treatment ladle (4000 lbs). The treatment comprised additions
of ceramic coated pure magnesium , 75% Ferrosilicon , rare earth
silicides and mischmetal. Following treatment , the metal was poured
into a transport ladle (600 lbs) where nickel and final inoculations
of 75% Ferrosilicon were added. A temperature aim of 2400 F to 2500 F
was maintained during pouring into the molds. Wedge chill specimens
and chemistry were continuously checked immediately after treatment
or additions to the treatment ladle. A total of 418 track shoes,
20 road arms and 10 sprockets were cast.

6.3 Heat Treatment

The initial phase had established the optimum heat treatment cycle
for conferring the required strength coupled with adequate ductility .
The heat treat cycle was an austenitic treatment at 1650 7 for
1 hour followed by an isothermal quench and hold for 1 hour at 700 F.

• Inasmuch as the section size of the initial test specimens was
significantly smaller than the cast parts, an adjustment of hold time
at quench was made to assure a complete transformation to bainite for
the cast parts . The holding time at quench temperature was extended
accordingly to provide 1 hour of hold time at the isothermal
temperature per inch of part thickn ess . This plan was in conformity
with the isothermal treatment previously given the 1-inch thick
spec linen coupons.

8
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6.3 Heat Treatment (Cont’d.)

The heat treat schedule for cast parts was as follows :

1. Austenitize at 16507, 1 hour per inch of thickness
2. Quench in molten neutral salt at 7001 for 1/2 hour

• 3. Transfer to a draw furnace at 1007 and hold for balance
of time to correspond with the part thickness.

The sprockets and track shoes were also induction hardened at
preferential sites as designated by the appropriate specifications.
The pattern of induction hardened sites was inspected by sectioning
several parts and measuring the extent of localized hardening. The
sectioned areas were noted to meet specifications.

• 6.4 ~~~~jnin

Finish mach ining of the sprockets and road arms were carried out
routinely with no attendant difficulties. With the track shoes,
hc~~ever , some difficulties were encountered in position ing the shoes
for accurate location and subsequent drilling of track pin holes
using a production fixture for drilling forged steel shoes. A
solution to this difficulty was provided by redesigning the fixture
which permitted a referenced location from the cast surface of the
gusset .

Prior to machining , the shoes were examined for flatness to assure
compatibility with production tooling. A number of the shoes were
rejected due to an “out-of-flat” condition. Subsequent attempts to
cold or warm-straighten these parts resulted in cracks and fractures.
Consequently , as a result of the above difficulties, a total
of 136 shoes were rubberized and ~~sembled to meet the requiredspecifications.

VII. Conclusions

An investigation was undertaken to determine the feasibility of
substituting isothermally treated ductile iron for certain critical
forged alloy steel components currently used in the Ml13 armored
vehicle personnel carrier. An economic analysis as well as
material behavior study under static and dynamic conditions were
conducted. The cast ductile iron material with an appropriate
isothermal or austeaper heat treatment delivered acceptable tensile
strength and ductility. Low temperature (—401) toughness and
fatigue properties were considerably improved in contrast to con-
ventional ductile iron grades. Low temperature toughness of the
isothermal grade does not achieve the toughness capabilities of
forged alloy steel. However, it is felt that toughness is not a
primary requisite for the components investigated. The material
properties which are more relevant to the inteixted application of
these components are wear resistance , strength and fatigue resistance.

9 
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• VII. Conclusions (Cont ’d.)

While several difficulties were encountered in processing
(straightening and machining) the prototypes, it should be recognized
that production tooling and layout methods were oriented toward
current forged steel parts. Other less severe areas or minor
contributing factors were pattern design and miscellaneous foundry
techn iques .

An exact comparative economical analysis between producing a forged ,
heat—treated steel part and an isothermally heat-treated ductile
iron part was difficult to ascertain. The cost incurred in machining
a prototype part is considerably higher than machining a
production part. However, a partial cost comparison between the two
processes can be made as listed below.

• As-Cast & Heat- Completely Processed
Item Treated Ductile Iron Fo~ging (Approximate Cost)

Road Arm $18.97 $100.00
Track Shoe 10.84 20.00
Sprocket 20.06 80.00

The forged parts contain tooling , machining, induction hardening
and inspection costs which are not included in the ductile iron
parts. It i~ anticipated that these production costs will beapproximately the same with the exception of machining cost. Lees
machining will be encountered with the ductile iron parts inasmuch
as the parts can be cast closer to finish dimensions.

10 
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TAULL III

TENSiLE PROPERTY DATA FOR DUCTILE IRON CON TAINING 0.75 PEPP,C~NT
NICKEL AND AUSTENITIZED AT 1600°F FOR 1 HOUR ~ND AUSTEMPEItED
AT VARIOUS TEMPERATURES FOR EITHE R 30 MINUTES OR 60 MINUTES

- 

Austemper Time , % Elong.
Temp . °F M m .  UTS ,psi YS ,psi in 2 Inch

600 30 164,000 106,900 3.5
600 30 166,600 110,500 4.5

700 30 136,500 95,300 12.0
700 30 -134,700 94,600 10.0

800 30 135 ,200 91,500 4.5
800 30 134 ,400 86,300 5.5

900 30 151,200 108,600 4.5
900 30 155,300 108,700 5.0

600 60 167,000 117,400 6.0
600 60 164 ,500 114,600 5.5

700 60 135,400 97,000 12.0
700 60 134 ,100 96 ,400 10.5

800 60 147 ,000 98,800 4.5
800 60 149,900 105,100 4.0

900 60 154,300 105,200 5.5
900 60 150,200 104,000 5.0
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TABLE IV

TENSILE PROPERTY DATA FOR DUCTILE IRON CONTAINING 1.5 PERCENT
NICKE L AND AUSTENITIZED AT 16000F FOR 1 HOUR AND AUSTEMPERED
AT VARIOUS TEMPERATURE S FOR EITHER 30 MINUTES OR 60 MINUTES

Austem~er Time , % Elong .
Temp. F M m .  UTS ,ps i YS ,ps i in 2 Inch

600 30 176,000 105,700 2.5
600 30 167,000 99,300 3.0

700 30 139,300 96,000 10.0
700 30 135,100 96,800 9.0

800 30 131 ,200 68,800 6.0
800 30 124,600 72,200 5.5

900 30 154,400 108,100 5.0
900 30 151 ,500 107,900 4.0

600 60 173,400 122,200 1.5

600 60 173,300 120,800 4.5

700 60 138,100 98,300 9.0
700 60 136 , 200 95 ,300 11.5

800 60 141 , 700 101 , 900 4.5
800 60 139 , 800 88 , 800 4.0

900 60 139 , 600 102 ,200 4.0
900 60 138 , 000 99 , 700 4. 0
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TABLE V

TENSILE PROPERTY DATA FOR DUCTILE IRON CONTAINING 0.75 PERCENT
NICKEL AND AUSTENITIZED AT 1650°F FOR 1 HOUR AND AUSTEMPER ED
AT VARIOUS TEMPERATURES FOR EITHER 30 MINUTES OR 60 MINUTES

Austemper Tune , % Elong .
Temp. °P Mi UTS ,Psi YS , Psi in 2 Inc h .

600 30 174,100 115,700 2.5
600 30 178,900 118,800 3.5

700 30 145,100 95,000 7.5
700 30 136,600 92,800 6.5

800 30 132,600 82,500 5.0
800 30 133,100 86,000 9.5

900 30 151,300 109,100 3.5
900 30 160,800 113 ,200 4.0

600 60 179 ,500 132,500 5.0
600 60 Flaw in Fracture

700 60 135,700 94 ,600 11.5
700 60 134 ,400 94,600 11.5

800 60 141 , 000 100 , 800 3.5
800 60 142,600 101,500 4.0

900 60 154,200 108,300 3.0
900 60 161,900 114,400 4.0
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TABLE VI

— TENSILE PROPERTY DATA FOR DUCTILE IRON CONTAINING 1.5 PERCENT
NICKEL AND AUSTENITIZED AT 16500F FOR 1 HOUR AND AUSTEMPER.ED
AT VARIOUS TEMPERATURES FOR EITHER 30 MINUTES OR 60 MINUTES

Austemper Time , % Elong .
Temp. 0F Min . _ UTS ,ps i YS ,ps i in 2 Inch

600 30 174 ,200 106 , 200 2 .0
600 30 184 , 300 116 . 800 2 . 5

700 30 139,400 90,800 3.5
700 30 145,400 93 ,600 5.0

-~~ 800 30 126,100 80,500 9.0
800 30 128,900 72,200 6.C

900 30 135,300 98,400 3.0
900 30 137,000 97,400 3.0

600 60 170,300 120,500 4.0
600 60 174,100 119,600 4.0

700 60 126 ,800 89.,700 5.0
700 60 131 , 600 90 , 700 10.0

800 60 139 , 600 87 , 700 3.5
800 60 133,100 85,800 2.5

900 60 133,600 99,000 2.5
900 60 136,500 97,600 4.0
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-~ TABLE VII

TEN SILE PROPERTY DATA FOR DUCTILE IRON CONTAINING 0.75 PERCENT
NIC KEL AND AUSTENITIZED AT 1600°F FOR 1 HOUR , TRANSFERRED TO
AND HELD IN A SALT BATH AT 13 50°F FOR 1 HOUR AND AUSTEMPERED
AT VARIOUS TEMPERATURES FOR EITHER 30 MINUTES_O! 60 MINUTES —

Austemper Tinie~ % Elong .
Temp . O~~ M m .  UTS~ Psi YS J PSI in 2 Inch.

600 30 89,300 55,600 11.5
600 30 77,800 55,100 17.5

700 30 83,500 57,800 13.5
700 30 80,400 55,700 15.0

800 30 75,700 58,400 17.5
800 30 80,700 53 ,700 11.0

900 30 85 ,100 58,700 13.5
900 30 85,000 57 ,200 12.5

600 60 84,500 55,600 13.5
600 60 87,700 55,800 12.0

700 60 75 ,800 55,800 16.5
700 60 81, 400 56 ,200 14.0

800 60 78 , 700 51, 700 12.0
800 60 75 ,200 53 ,300 16. 5

900 60 82 , 900 57 ,600 13. 0
900 60 90,400 63,100 9.5

- r  
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TABLE VIII

TENSILE PROPERTY DATA FOR DUCTIL~ IRON CONTAINING 1.5 PERCENTNICKEL AND AUSTEN ITIZED AT 1600 F FOR 1 HOUR , TRANSFERRED TO
AND HE LD IN A SALT BATH AT 13500F FOR 1 HOUR AND AUSTEMPERED
AT VARIOUS TEMPERATURES FOR EITHER 30 MINUTES OR 60 MINUTES

Austemper Time , % Elong .
Temp. ~F_ Miii . UTS ,Psi YS~ Psi in 2 Inch

600 30 134,500 82,000 7.0
600 30 140,800 86,800 7.0

700 30 118,200 79 ,300 13.5
700 30

800 30 121,300 70,000 11.0
800 30 118,200 75,400 9.5

900 30 122,000 86,400 7.0
900 30 119,100 86,600 4.5

Flaw in Fracture

600 60 131,400 85 ,200 6.5
600 60 131,900 84 ,200 7.5

700 60 115,500 79 ,200 14.0
700 60 114 ,400 78,600 12.5

800 60 121,800 83,500 8.0
800 60 122,700 84,300 8.0

900 60 120 ,100 86,500 6.5
900 60 118,900 89,400 4.0
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