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ABSTRACT

THE EFFECT OF ANTIMONY ON SEGREGATION DURING DENDRITIC

SOLIDIFICATION IN A CAST MODIFIED 4720 ALLOY

Melvin W. Coffey, M.S.
Oregon Graduate Center, 1983

Supervising Professor: Jack H. Devletian

Antimony's influence on segregation during solidification,

mechanical properties, fracture mode, and microstructure were investi-

gated in this study. A single heat of a modified 4720 alloy was innocu-

lated with varying concentrations of Sb. In the as-cast condition,

metallographic analysis was performed to show microstructural variations

as a function of Sb content. Microstructural differences were related

to changes in microhardness, and the microsegregation of Sb, C, Cr, Mo,

Ni, and Si. Equipment used to characterize microsegregation in this

study include: energy dispersive X-ray analysis, wavelength dispersive

X-ray analysis, and electron microprobe analysis.

Several heat treating cycles were given to selected samples in

order to show the effects of Sb additions on resulting CVN transition

temperature values, diffusion characteristics, microstructure and

fractography. Changes in CVN transition temperature were related to

fracture/microstructure variations.



The results indicate that Sb additions retard the peritectic

solidification reaction. This leads to an increased segregation ratio

of alloying elements, causing specific regions of the as-cast micro-

structure to change in alloy element concentration. Standard normaliz-

ing, quenching and tempering heat treatments were ineffective in reduc-

ing the degree of microsegregation obtained during solidification. Car-

bide size varied significantly depending upon its location in the den-

drite structure. Fracture behavior of CVN samples was a function of

carbide size. Carbide size increased in the general heat treated micro-

structure with increasing Sb content, changing the fracture mode from

ductile dimple to a cleavage fracture mode. Intergranular fracture

resulted after heat treatment in those locations which previously con-

tained proeutechtoid ferrite in the as-cast condition. Intergranular

fracture was found to be a function of both carbide size and Sb segrega-

tion. The carbide size decreased in grains exhibiting intergranular

fracture. Increased concentrations of alloy and impurity elements in

these regions increased the segregation ratio and hence the interactive

co-segregation of Sb to grain boundaries leading to embrittlement and

intergranular fracture. As a result, the addition of Sb tended to

increase the CVN transition temperature after heat treatment by increas-

ing the propensity for both cleavage and intergranular fracture. Hence

Sb content should be restricted to 0.005 wt % in this alloy system.
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1. INTRODUCTION

1.0 BACKGROUND

As the demands on the performance of materials has increased, so has the

need for understanding the roles of impurity segregation and grain

boundary behavior. Recent advances in analytical instrumentation have

greatly broadened our understanding of impurity induced interfacial

co-segregation of elements.1-17

In metallic systems. the segregation of P, S, Sn, Sb, and As to

grain boundaries resulting in intergranular fracture behavior is now

well established.4-17 Such fracture behavior is frequently referred

to as reversible temper embrittlement in low alloy steels, and typically

decreases the impact properties while shifting the transition tempera-

ture to higher values. Most of the work investigating the roles of P,

S, or Sn has been performed on wrought or forged materials.6-14 Some

work with wrought materials includes the role of Sb on intergranular

fracture.13,14 Most of the cast materials studies have investigated

the behaviors of Sand P 15,16,17 which are assumed to be much more

ubiquitous than Sb. Consequently, little work has been performed to

establish the effects of Sb in a cast material. No studies have been

carried out on Sb induced embrittlement in a commercial casting using

standard foundry practices. The standard procedure of many foundaries

is to use scrap or recycled materials for melting stock to manufacture

production castings. Thus the possibility exists for trace element
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contamination to induce interfacial co-segregation of elements which can

lead to premature failure.

1.1 FRACTURE MODE VARIABLES

Fracture mode is dependent upon the following variables;38

1) bulk or nominal composition

2) segregation (microcompositional) behavior

3) test temperature

4) loadingmethod

a) rate of load

b) state of stress

5) heat treatment

6) the presence of second phases, precipates, and inclusions

nisms controlling intergranular fracture have been nebulous. Of part i-

cular interest to this study was the relationship between Sb, segrega-

tion behavior, and.the occurrence of intergranular fracture in a cast

low alloy system.

In general, there are three main modes of fracture in steels;38

1) ductile dimple (micro-void coalescence)

2) cleavage

3) intergranular

The first two fracture modes are fairly well understood.38 The mecha-



3

1.2 INTERACTIVECO-SEGREGATION

Reversible temper embrittlement appears to be attributed to the

following relationships:

1) Interactive co-segregation of alloying (m, defined as

alloy elements intentionally added) and impurity (I)

elements to prior austenite grain boundaries causing

decohesion and intergranu1ar fracture.8

2) An inverse relationshipbetween solute solubilityand

segregation tendencies.8

3) Major M elements have pronounced effects on the solubili-

ties of I e1ements.8

4) Reversible temper embritt1ement can be attributed to the

segregation of I elements in ferrite.8

5) Attractive interactions such as Ni-Sb at grain boundaries

enhance the segregation of M and I e1ements.33,41,45

6) The scavanging of M and I elements by other alloying e1e-

ments hinders segregation due to attractive interac-

tions.33 An example would be Mo scavanging C to form

molybdenum carbides.

7) Carbon plays an important but little understood role in

intragranular fracture.33

1.3 THE BEHAVIOR OF Sb IN ULTRA-HIGH PURITY Fe-Ni

A recent study on the behavior of Sb in an ultra-high purity

Fe-Ni alloy system indicated41 that Ni and Sb enhance each other's
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segregation to a-iron grain boundaries, due to strongly attractive

interactions. The regular solution model for interactive co-segregation

using a McLean type equation (see section 4.8) relating the segregation

free energies to impurity element concentration and grain boundary

coverage, gives the best fit to currently available Auger data. Other

studies13 indicate that Sb is five times more effective than S in

inducing intergranular fracture at cathodic potentials in stress

corrosion testing, and that Sand Sb do not compete for grain boundary

sites.

1.4 INVESTIGATION OBJECTIVES

This study was designed to achieve the following objectives:

1) To determine if Sb exists in low alloy steel castings pro-

duced with purchased or recycled scrap. If Sb does exist,

in what concentration levels?

2) Does the argon-oxygen-decarburization (AOD) process used

by many foundries to remove impurity elements from steels,

remove Sb from the melt?

3) At what concentration levels can Sb be tolerated with

respect to CVN impact energy?

4) To what extent does Sb influence segregation during den-

dritic solidification?

5) What is the influence of Sb on the microstructure, den-

drite structure, fracture behavior, and mechanical proper-

ties?
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1.5 ALLOY SELECTION

This investigation used a cast modified 4720 low alloy steel with

purchased scrap for melting stock and typical foundry melting, molding

and pouring procedures. This alloy was chosen because it is used in

moderate section size castings (less than 4" thick) such as bucket,

shovel, or chain parts. These castings have moderate to high casting

liability and replacement costs. Field failure studies indicated that

this particular alloy is prone to intergranular fracture in the

normalized, quenched, and 1125 F (607 C) tempered condition.
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II . EXPERIMENTAL PROCEDURE

2.0 ANTIMONYMONITORING

Program objectives #1 and #2 were obtained in the antimonymoni-

toring phase of the overall study. Cast test bars made with production

castings for subsequent quality control (QC) mechanical testing, were

selected at random over a period of time from a variety of alloy types.

The selection was made to include AOD (argon-oxygen-decarburization) and

non-AOD processed material. Drillings were taken from the test bars,

all from the same location. The drillings were analyzed on an emission

spectrograph, but the Sb concentrations were too low for accurate analy-

sis. Therefore analysis was performed with a Perkin Elmer model #603

atomic absorption system (AA) in the graphite furnace mode. Full back-

ground corrections were applied and National Bureau of Standards (NBS)

standards of similar composition were used to calibrate the instrument

before the unknown samples were tested. The values obtained from Sb

standardization during calibration of the AA system were: actual Sb

value, 0.013 Wt %; experimental Sb value, 0.012 Wt %. It was felt that

the results were acceptably accurate.

2.1 ALLOY PREPARATION

In order to achieve program objectives #3, #4, #5, test material

with a constant nominal composition was prepared with varying concentra-

tions of Sb content. Any change in the presence of second phases,
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precipitates, and inclusions were assumed to be due to the influence of

the Sb additions.

Test material was made from approximately 73% purchased scrap,

25% returns, and 2% alloy additions. The heat was melted in an ope~ air

arc furnace. Alloy additions were made after preliminary spectrographic

chemical analysis to adjust the final composition. See Table #1 for the

4720 target composition. After transfer from the furnace to a holding

ladle, the melt was poured into a 200 pound capacity shank ladle where

the Sb additions were made for the following groups of test bars:

Four test bars were poured per group into zircon sand molds with

identification stickers. The test bars were allowed to cool to room

temperature, then shaken out. The final heat composition was determined

by an ARL 34000 emission spectrograph, calibrated to standards of simi-

lar composition as the test material. See Table #11 for actual composi-

tion.

Since Sb has limited solid solubility with iron, it was suspected

that Sb concentrations might change from test bar to test bar. There-

fore, the Sb content was determined for each test bar per group by AA

analysis in the graphite furnace mode, with full background corrections

GroupI No Sb additions made

Group II 0.005 Wt % Sb additions

Group III 0.010 Wt % Sb additions

Group IV 0.015 Wt % Sb additions
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applied. The system was standardized to NBS samples of similar

composition and Sb content. Test bars were then chosen from each group

of test material for subsequent heat treatment and testing based on

similarity of Sb content per test bar. See Table HIlI.

2.2 METALLOGRAPHY OF AS-CAST SAMPLES

The parameters that were monitored to evaluate the effects of Sb

on segregation during solidification were:

1) Macro/microstructure

2) As-cast grain size

3) Cooling rate

4) Microhardnessof selected regions

5) Composition of selected regions in the microstructure.

Macro etched sections of the as-cast test specimens were prepared

by cutting vertical 1" slabs from one test bar group with a water cooled

abrasive saw. See Figure H1. The slabs were then hand ground with suc-

cessive grits of 80, 120, 240, 400, 600 silicon carbide paper, then

polished by hand with successive grits of SOum, 10um, 3um, 1um diamond

paste. The final polish was done by hand with O.OSum gamma alumina.

The polished slabs were then etched with Vilella's reagent to reveal the

macrostructure. The Vilellas' reagent consisted of:

S m1 hydrochloric acid

1 m1 picric acid

100 ml methyl alcohol
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Regions of interest were photographed with a Polaroid MP4 camera using

35 and 18 mm lenses. All optical and subsequent SEM photographs were

taken with Polaroid type 55 4x5 pIN film.

The slabs were then repolished and etched with Steads reagent to

reveal the dendrite structure. The Steads reagent consisted of:

1 gm cupric chloride

4 gm magnesium chloride

1 m1 hydrochloric acid

20 m1 distilled water

100 ml methyl alcohol

The etched slab was then given a very light hand polish of 0.05 gamma

alumina, and the results photographed. The slabs were again repolished

and etched with Aqua Regia to compare with the results from the

Vilel1as' and Steads reagents.

Microstructural analyses were performed on the as-cast test spe-

cimens by cutting the bottom I" of the slab used in the macro meta110-

graphic examination with a wet 8" Buehler metallurgical saw. See Figure

#2. The samples were mounted in copper phenolic powder and ground.

Intermediate polishing was performed with diamond paste and the final

polish with 0.05um gamma alumina.

The samples were etched with Vi1e1las' reagent to reveal the

microstructure. Regions of interest were marked with a Leitz microhard-

ness tester, 300gm load for 30 seconds. The same relative location on

the bottom of the test bar was examined in each case for each group.
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See Figure 12. This sample preparation procedure was used repeatedly

throughout the experimental procedure and will be referred to as "sample

preparation procedure 11."

The samples were then examined on a Bausch and Lomb research

metallograph. The grain size was measured using the ASTM E 112-81,

Lineal Intercept (Heyn) procedure. The regions of interest marked with

the microhardness tester were then examined on an AMR 1200-B scanning

electron microscope (SEM) at 25kv. The samples were then repolished

with 0.05um gamma alumina to remove the effects of the etchant. The

regions of interest were then analyzed in the SEM with a Kevex 5100

fully quantitative Energy Dispersive X-ray Spectrometer (EDX) system for

micro-compositional and line scan analysis. The following procedures

and parameters were used:

1) The system was calibrated to NBS samples of similar compo-

sition.

2) Specimen current readings from a Keithly picoamperemeter

were used for standard reference. Typical range:

500-800xl0-7 amps.

3) All escape peaks were removed. (If incident radiation is

energetic enough to cause x-ray fluorescence in the coun-

ter, the fluorescent radiation may escape from the counter

without causing any ionization, carrying with it some

energy normally absorbed. In this study, an Fe fluoresced

Si escape peak was generated and overlapped the Mo La peak
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used for analysis. The Si escape peak was removed to

analyze Mo).

4) The acquisition time was held constant at 200 seconds.

5) All K ratios were normalized to 100% and corrected for

atomic number, absorption, and fluorescence (ZAF pro-

cessed) .

The samples were then etched with Steads reagent and given a

light hand polish with 0.05um gamma alumina. Examination of the samples

in this condition was performed on a Bausch and Lomb metallograph in the

same regions of interest marked with the microhardness tester. Cooling

rate calculations were based on measured values of the secondary den-

drite arm spacings according to Flemings:18

d=b(GR)-n (equation 1)

Secondary dendrite arm spacings are directly dependent upon cool-

ing rate. EDX line scan analysis (deposited preferentially by the

Steads reagent) was performed in the SEM across selected regions of

interest marked with the microhardness tester. Other regions of inter-

est such as dendrite arms, interdendritic regions and other micros truc-

tural features were marked with the microhardness tester, and the sam-

pIes were repolished with 0.05um gamma alumina. Microhardness surveys

whered is the dendrite arm spacing

band n are constants

G is the thermal gradient

R is the growth rate of the solid-liquid interface
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were performed on all regions of interest identified in the previous

microhardness step, using a 50gm load for 30 seconds. These same

regions were then analyzed for composition with the EDX system in the

SEM using the same procedures and parameters described previously. .They

were also examined for composition with either a Cambridge 250 Steroscan

or a Jeol SEM equipped with WDX systems. Both systems were calibrated

to standards of known compositions.

A second set of samples from groups I and IV were prepared for

compositional analysis using sample preparation procedure 11 and

examined with an electron microprobe after repolishing with 0.05um gamma

alumina. The system was calibrated to two sets of standards of known

composition.

2.3 HEAT TREATMENT

A summary of the heat treatments used in this investigation are

given in Table IV.

Heat treatment "A" was given to two 3/4" thick slabs taken from

the bottom of the test bars and and one sectioned lengthwise to 5/8"

wide as shown in Figure #3. These pieces were then austenitized at 1800

F for 1-1/2 hours and air cooled, then machined to 5/8" x 5/8" x 8" cou-

pons. The coupons were then heat treated at 1700 F and water quenched,

tempered for 1-1/2 hours at 1125 F and water quenched. Heat treatment

"B" was performed on 5/8" x 5/8" x 8" coupons. Heat treatment "c" was

given to 1/2" x 1/2" x 1/4" wafers taken from CVN samples after heat

treatment "A".
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After heat treatment the samples were analyzed to monitor the

following parameters as a function of Sb content:

1) CVN impact transition curve changes

2) Hardness

3) Macro/microstructure

4) Fracture behavior

5) Intergranular fracture site composition

6) Fracture appearance vs solidification pattern

7) Fracture appearance vs microstructure

2.4 MECHANICAL TESTING

Standard CVN impact samples were made from all samples heat

treated by methods "A", "BX" , and "BY" in accordance to ASTM E23-72.

All notches in the impacts were oriented upward toward the riser end of

the test bar. See Figure #3. CVN impact transition curves were per-

formed on all samples in the heat treated "A" condition. Impact tests

were performed in accordance to ASTM &23-72. Test temperatures were:

-140F, -100F, -6 OF, -40F, -20F, 20F, 60F, room, 100F, 140F, 180F, 212F.

The -140F to 60F test temperatures were achieved using methyl alcohol in

a FTS Systems, model E impact cooler. All test temperatures above room

temperature were achieved in heated water. All test temperatures were

monitored with a Analogic Thermocouple Potentiometer Instrument Cali-

brator; Digical 2, Model AN6520-8A. Impact testing was performed on a

Satec model Sl-103 Impact tester. All fractured samples were immedi-

ately placed in alcohol, allowed to come to room temperature, forced air
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dried and coated with a clear acrylic spray. CVN samples from heat

treatments "BX" and "BY'. were tested at -40F.

Brinel hardness tests were performed on CVN impact halves from

all groups from both heat treatments "A" and "B" in accordance to ASTM

E-IO-78 under a 3000kg load with a IOmm ball.

2.5 METALLOGRAPHY OF SAMPLES AFTER HEAT TREATMENT

After heat treatment, macrometallographic samples were prepared

by cutting vertical I" thick slabs from the as-cast test bars from

groups I and IV. and heat treated in accordance to heat treatment

schedule "A".

Metallographic specimens were taken from CVN impact samples from

the "A" heat treated condition from all groups used for CVN impact test-

ing from the -I40F, -40F, room. and 2I2F test temperatures. The CVN

impact halves were cut again in half on a 8" water cooled metallurgical

saw. The fracture half was kept for fractographic analysis and the

second half was used for microstructural analysis using sample

preparation procedure 11. Regions of interest from both type "A" and

"C" heat treated samples were marked with a microhardness tester using a

300gm load for 30 seconds. Regions of interest from both types of sam-

pIes were examined metallographically and with the SEM in accordance to

steps taken in section 2.2. No metallographic or SEM analysis was

performed on samples from heat treatment "BX" or "BY".
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2.6 FRACTOGRAPHY

The fracture samples preserved in step 2.4 were used for

fractographic analysis, after ultrasonically cleaning them in methyl

ethyl ketone (MEK). Samples.from each group were examined to

characterize the fracture mode as a function of test temperature and Sb

content. The intergranular fracture sites were analyzed for the

distribution of composition in the SEM using the EDX system.

Comparison of the fracture appearance with solidification

structure was performed on fracture samples from group It tested at

-40Ft sectioned normal to the CVN notch. The fracture was coated with a

Buehler Electropolisher using Watts nickel plating solution consisting

of:

nickel sulfate
nickel chloride
boric acid

hydrogen peroxide

300 gm/l

45 gm/l
35 gm/1

5 drops/gallon

conditions: graphite anode

50C test temp.

current density; 0.05 amps/cm2
voltage; 6-12 DC

The samples were mounted in copper phenolic powder and polished and

etched with Steads reagent. The samples were examined metallogra-

phically.

The technique of relating fracture appearance to microstructure

was developed by Chesnutt and Spurling.47 Fracture samples from each

group that were tested at -40F were examined. The fracture surfaces

were ultrasonically cleaned in MEK, then a portion of the fracture
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surface was coated with microstop. The samples were e1ectropo1ished

with a solution of:

glacial acetic acid
chromium trioxide

distilled water

540 cc
100gm
28 cc

conditions: volts

amps

15 DC
0.16 to 0.20/cm2

Next the samples were etched to reveal the microstructural features by

using Vile11as' reagent for 25 seconds in an ultrasonic bath. The

micros top was then removed by ultrasonically cleaning in separate baths

of acetone and MEK. After sample preparation, the samples were examined

on an SEM. The relationship between carbide size and fracture mode as a

function of Sb content was analyzed. Carbide size was measured from

photos taken in various regions. Etching behavior as a function of

fracture mode and Sb content was also evaluated.
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III. RESULTS

3.0 ANTIMONY MONITORING

Antimony was present in all test samples. The range was 0.00056

wt % to 0.0058 wt % Sb with a mean of 0.00233 wt % and a standard

deviation of + 0.0012 wt %. AOD heats contained a slightly higher Sb

content than non-AOD heats as shown in Table #V. During the test

interval, the Sb content for both AOD and non-AOD processed heats

increased one standard deviation aboe the mean value. See Fig. #4.

3.1 BULK OR NOMINAL COMPOSITIONAL ANALYSIS

The target composition is shown in Table #1 and the final heat

composition in Table HII. The final Sb compositions obtained per group,

and the test bars chosen per group are in Table HIlI.

3.2 METALLOGRAPHYOF AS-CAST SAMPLES

Examination of the macrostructure with the Vilellas' reagent

revealed the chill, columnar, and equiaxed zones. No observable differ-

ence was noted between groups. See Figs. #5,6. The Steads reagent

revealed a dendritic solidification pattern. These are cellular den-

drites because the length of the constitutionally supercooled liquid

ahead of the solid/liquid interface is much less than the diameter of

one grain. Primary and secondary dendrite arms are visible at this mag-

nification. The dendritic arm growth was normal to the chill surface

(mold surface), and there was an apparent random orientation of grains
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in the equiaxed zone at the center of the test bar. Dendrite arm spac-

ing was smaller at the chill surface than in the equiaxed zone. Inter-

secting dendrite arm groups with the same local orientation, contacting

other dendrite arm groups with the same local orientation but at differ-

ent angles with respect to the first group, would define a grain bound-

ary. The grain boundaries etched differently than the matrix in all

groups. No change was seen in macro solidification behavior between

groups. See Figs. 17,8,9. The acqua regia etchant produced microstruc-

tures that were similar to the results obtained using Vilellas' reagent

in that the chill, columnar and equiaxed zones were revealed. See

Figs. 1110, 11 .

Examination of the microstructure with the Vilella's reagent

revealed that the as-cast microstructure in all groups was bainite with

pro-eutectoid ferrite at the prior austenite grain boundaries. See

Fig. 1112. As the Sb concentration increased, the amount of pro-eutec-

toid ferrite increased at the austenite grain boundaries. See Figs.

113,14. In group IV samples. the pro-eutectoid ferrite also appeared

randomly within the cored regions of the dendrite arms. See Figs.

#15, 16.

The ferrite occurring in different regions etched at different

rates, regardless of group number. See Fig. 017. As the Sb concentra-

tion increased, the bainitic matrix would etch at different rates in

specific regions. See Fig. 118. Results of grain size measurements are

shown in Table 'VI. No change was observed in the as-cast grain size as

Sb concentration increased.
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The Steads reagent revealed primary, secondary, and tertiary

dendrite arms at this magnification. The freezing rate of all groups

was calculated from secondary dendrite arm spacings in accordance with

fied in the Steads reagent etched condition were compared to the identi-

cally same regions etched with Vilellas' reagent and the following were

observed:

1) Pro-eutectoid ferrite occurred at the initial prior auste-

nite grain boundaries when a primary or secondary dendrite

arm came in contact with the grain boundaries. See Fig.

#20.

2) The specific region in which bainite etched differently

with the Vilellas' reagent at high Sb concentrations

depended upon whether or not the bainitic matrix was

inside or outside a dendritic arm region, i.e., at the

first or last region to solidify. The bainitic region

outside the dendrite arm region (last place to solidify)

etched at a reduced rate as Sb content increased. See

Figs. #18,19.

3) Inclusions such as MnS, occurred in the interdendritic

regions.

equation #1. See Table #111 for raw data. For group I samples it was

calculated at 61 F/min. No change in the freezing rate was noted as Sb

concentration increased. See Table IVII. Regions of interest identi-
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4) The pro-eutectoid ferrite that etched at slightly

different rates with the Vilellas' reagent, reacted

differently when using the Steads reagent. In one case

the pro-eutectoid ferrite would be plated with copper, and

in the second case it would not. This etching effect of

the ferrite is defined as stained ferrite (SF) and

unstained ferrite (USF). This phenomena also occurred

with the randomly occurring ferrite noted inside the

dendrite arms within the prior austenite grain boundaries

in group IV samples. However both types of ferrite (i.e.,

SF and USF) are referred to as random ferrite (RF). See

Figs. #15, 16,21,22.

5) The activity of the Steads reagent at the bainite-ferrite

interface increased with increasing Sb content. See Fig.

#23.

3.3 MICROHARDNESS

The results of the microhardness tests performed on various

regions of interest as a function of Sb content are shown in Fig. 124.

In general, the last regions to solidify (defined as the interdendritic

arm regions, IDA) were harder than the first regions to solidify

(defined as the dendritic arm regions, DA) in all groups regardless of

group number. The general bainitic matrix (DA plus IDA) was harder than

any ferritic region. The USF regions were harder than the SF regions
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regardless of group number. As Sb content increased, the IDA regions

continuously increased in hardness, while the DA regions appeared to

increase in hardness slightly, then remained constant. Simultaneously

the USF regions increased in hardness while the SF regions remained

constant.

3.4 MICROSEGREGATION

Examples of SEM line scan analyses with the EDX system in the

Vi1el1as' etched condition are shown in Figs. #25,26. No deviation was

found in the concentration of intentionally added elements such as Cr,

Si, Ni across bainitic-ferritic interfaces, due to poor signal to noise

ratios. Intentionally added elements such as Si, Cr, Ni, Mo are defined

as alloying elements, excluding Fe. In the unetched condition the sig-

nal to noise ratio improved. But, no change in alloy composition was

detected across bainitic-ferritic interfaces regardless of group

number. See Fig. #27. In the etched condition, carbides were noted in

the general bainitic regions but not in the ferritic regions. See Fig.

1126.

SEM line scan analysis of Cu in the Steads etched condition indi-

cated differences in the Cu deposition rate in various regions. A rough

sinusoidal curve was obtained as Cu concentration was monitored as a

function of distance across the DA and IDA regions. See Fig. 128. Cu

line scans across pro-eutectoid ferrite grains indicated that the SF had

high concentrations of deposited Cu while the USF regions had low
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concentrations. See Figs. 129,30. Across bainite-ferrite interfaces

the Cu concentration was higher on the bainitic side of the interface.

Cu concentration on the bainitic side of the interface increased as Sb

content increased. See Fig. 31. Carbides were not noted in the

ferritic regions in this condition.

From EDX analysis in the DA and IDA regions the segregation ratio

for Si, Cr, Ni, and Me were calculated. The segregation ratio (&) is

equal to the difference in elemental concentration between the IDA and

DA regions divided by the bulk or nominal concentration for that parti-

cular element. In general the alloy composition was always higher in

the IDA region than in the DA region, i.e., the segregation ratio for

each alloying element was always positive. In group I, the segregation

ratio values for Cr, Ni, and Si were low. For Mo it was intermediate.

As Sb content increased, the segregation ratio for Cr, Ni and Si

increased. For Me it increased only slightly. Sb was not found in any

region of any group using EDX analysis. See Fig. 132.

As Sb content increased. the concentration of Si, Cr. Ni and Mo

remained constant in the SF regions. In the USF regions Mo and Si con-

centration increased while Cr and Ni decreased. The composition of the

RF regions appearing in the IDA regions of group IV samples was similar

to the composition of the USF regions found at the grain boundaries of

group IV samples. See Figs. 133,34.

WDX analysis of group I samples indicated that the C content was

lower in ferritic regions (SF and USF) than in the DA regions. The IDA

regions were not analyzed for C content. The C content was roughly the
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same between the SF and the USF regions. The SF had a higher Sb

concentration than did the USF regions, while the DA regions had roughly

the same Sb content as the SF regions. See Table #VIII. In group IV

samples, the C content differences between the DA and IDA r~gions, and

between the SF and USF regions were roughly the same. Both the SF and

USF regions had higher C concentrations than the general bainitic

microstructure (i.e., than either the DA or IDA regions). The RF

regions had the highest C content of all regions analyzed. See Fig.

135. Sb was found in the USF regions only. See Fig. #36.

The electron microprobe is an instrument dedicated to composi-

tional analysis on a microscopic scale via a WDX spectrometer. It uses

a highly evacuated column and high beam current densities. An SEM

equipped with a WDX spectrometer has a smaller focal spot to improve

spatial resolution in the electron image, and therefore lower beam cur-

rent densities. Hence, elemental X-ray output from a sample analyzed

with a microprobe is higher than an SEM equipped with a WDX spectro-

meter. Therefore, it is more sensitive to lower elemental concentra-

tions.

EMA analysis of group I samples indicated the USF regions were

10wer in C concentration than the SF regions. With the WDX analysis

performed in an SEM they were roughly equal. The C concentration was

tbe lowest where the Sb concentration was the highest. The SF regions

had roughly the same C concentration as the bainitic microstructure.

Tbe C concentration in the DA regions was higher than the IDA regions.

The reverse was true for Sb content.
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In group IV samples, the SF regions had a C concentration roughly

equa1 to the C concentration found in the SF regions analyzed in group

I. The C concentration in the USF regions were much higher than the

concentrations of C found in USF regions analyzed in group I. The RF

regions in group IV had roughly the same C concentration as the USF

regions found at the grain boundaries in group IV. This confirmed the

WDX analysis performed in the SEM. The Sb concentration was the highest

in the ferritic locations where the C content was the lowest. The C

concentration was roughly the same between the DA and the IDA regions,

while the Sb concentration was tbe higbest in the IDA region. See Table

IIX for general results.

3.5 MECHANICAL TESTING RESULTS OF HEAT TREATED SAMPLES

CVN transition curve testing was performed only on samples in the

standard heat treated "A" condition. See Fig. #37. The results indi-

cated a continuous drop in upper shelf energy values as Sb content

increased. There was an increase in transition temperature values

between group I to group II and III. Group IV values were nearly the

same as the results from group I in the transition zone. At the lower

shelf energy values, group II had lower impact energy values than group

I. Both groups III and IV had slightly higher values than group I.

Using the curve fitting technique described by Oldfield22 for CVN

data, the test temperature is transformed into a dimensionless number,

Z, where:
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Z = tanh T-To
C

(equation 2)

T = test temperature

To = transition temperature midpoint

C = difference in test temperarature

between the upper and lower shelf

The results indicated a drop in upper shelf energy values as Sb content

increased. Group II CVN energy values were consistently lower than

group I energy values. Group III CVN energy values were less than group

I energy values until Z = 0.10. This corresponds to a test temperature

of 10.96F (-11.68C). Group IV energy values were less than group I

values until Z = 0.70 or equal to a test temperature of -114.25F

(-8l.25C). See Fig. 138. Brinell hardness results are shown in Fig.

039 and indicated that the average hardness and hardness range increased

slightly as Sb content increased.

The results obtained from heat treatments "B" (modified heat

treatment) on samples from groups I and IV are shown in Fig. #40. The

results indicated that long term tempering (BY) of material from groups

I and IV increased CVN impact energy values above the results obtained

for either group in the heat treated "A" condition. Long term austeni-

tizing (BX) on material from groups I and IV increased the CVN impact

energy values above the results obtained for either group in the heat

treated "A" condition. Long term austenitizing of material from
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groups I and IV gave higher CVN impact energy results than long term

tempering of test material from each group respectively.

Brinell hardness results from samples in the heat treated "B"

condition are shown in Table Ix. The results indicated that long term

austenitizing (BX) of samples from groups I and IV decreased hardness

values in comparison to the heat treated "A" condition for either

group. Hardness values for groups I and IV were the same in the "BX"

condition. Long term tempering (BY) decreased hardness values

dramatically for both groups I and IV in comparison to the heat treated

"A" -condition results. Hardness values for both groups I and IV in the

"BY" condition were the same. "BY" values for both groups were less

than "BX" values.

No CVN or hardness testing was performed on any sample in the

heat treated "C" condition (modified heat treatment) due to a lack of

test material.

3.6 METALLOGRAPHYOF HEAT TREATED SAMPLES

Macro etching samples in the standard heat treated "A" condition

indicated that while the microstructure was altered relative to the as-

cast microstructure, the effects of initial solidification structure

remained unchanged as shown in Figs. #41 through 46. It was noted that

macro etching with aqua regia produced excellent results of the solidi-

fication pattern, similar to the Steads reagent. This was not true in

the as-cast condition where aqua regia compared favorably with the

results of V11ellas' reagent, revealing the microstructure. Macro
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etching of samples in the heat treated "B" condition was not performed

because the samples were too small to reveal the entire solidification

pattern. Macro etching of samples in the heat treated "C" condition was

not performed due to a lack of test material.

The microstructure of all groups in the heat treated "A"

condition (standard heat treatment) consisted of tempered martensite.

See Fig. 147. As Sb content increased. certain regions in the

microstructure appeared to be bainite, hence heat treatment "c" was

given to samples from groups I and IV to test this hypothesis. Results

from heat treatment "C" to be discussed later.

In group I samples, the etching rate of Vilellas' reagent was

uniform across the metallographic sample. As Sb content increased,

certain regions of the microstructure etched at different rates using

Vilellas' reagent. By directly comparing those regions to the same

regions etched with the Steads reagent (revealing the solidification

pattern), it was noted that those regions of the microstructure that

Because of the high tempering temperature used in heat treatment "A",

grain boundaries were difficult to locate and identify at low Sb con-

tents. As Sb content increased, the grain boundaries became more

observable and occurred in the IDA regions of the samples. See Figs.

52-55. SEM line scan analysis across the observable grain boundaries at

high Sb concentrations failed to indicate any change in matrix element

etched lightly with the Vilellas' reagent corresponded to the IDA

regions of the sample. The darkly etched regions corresponded to the DA

regions. This behavior was confirmed on the SEM. See Figs. #48-51.
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concentration. SEM spot analyses on the observable grain boundaries of

high Sb samples failed to indicate the presence of Sb in those loca-

tions. See Figs. #56,57.

No metallographic evaluation was performed on samples in the heat

treated "B" condition (modified heat treatment). Heat treatment "B" was

given to samples to compare CVN changes with heat treatment "A".

The results of heat treatment "C" (modified heat treatment) are

shown in Figs. #58,59. The results indicated that there was no change

in the microstructure between groups I and IV when rapidly quenched.

Each sample from groups I and IV was martensitic and bainite was not

found. There was no change in carbide morphology.

3.7 FRACTOGRAPHY

Fracture appearance analysis was performed in the SEM. Inter-

granular fracture site analyses were performed in the SEM using EDX

equipment. SEM fracture analyses were performed on samples from all

groups at specific test temperatures taken from CVN transition curve

specimens in the heat treated "A" condition. See Figs. 160-91. The

results indicated that the fracture mode was a function of the test

temperature and Sb content. As the test temperature decreased at a

fixed Sb concentration, the fracture mode changed from ductile dimple to

quasi-cleavage to cleavage. As the Sb content increased at a fixed test

temperature, the fracture mode changed from mixed ductile dimple/quasi-

cleavage to cleavage/intergranular fracture modes. In general, inter-

granular fracturingincreasedwith increasing Sbcontent. EDX analyses
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of all intergranu1ar fracture sites failed to reveal Sb. The alloying

element content appeared to be higher at the intergranu1ar fracture

sites at high Sb concentrations. See Table 'XI.

At low magnifications in the SEM, samples from both g~oups I and

II (heat treated "A" condition) had a relatively planar fracture

morphology even though the fracture mode became more brittle (i.e., the

amount of cleavage fracture was increasing) as the test temperature

decreased. See Fig. '92. The overall fracture morphology of samples

from group III were much rougher than samples from groups I and II at

the same test temperature. Specifically, the fracture morphology took

on a "step fracture" appearance at about 20F (-6.66C) which became more

pronounced as the test temperature decreased. Also, most intergranu1ar

fracture sites in these samples appeared on top of the "step fracture."

See Figs. #93,94. The width of the top of the "step fracture" was

roughly equal to the width of the secondary dendrite arm spacings. The

overall fracture morphology of samples from group IV also exhibited the

same "step fracture" morphology observed in samples from group III. As

the test temperature decreased the "step fracture" morphology

transformed into large steps approximately equal to the size of several

dendrite arms together or the initial prior austenite grain size

measured in the as-cast meta110graphic samples. See Figure #92.

Attempts to relate fracture morphology with solidification pat-

tern are shown in Fig. #95. The results failed to show a relationship

due to sample preparation problems, hence the technique was discon-

tlnued.



-- -----

30

Relating fracture appearance to the microstructure of a given

region proved to be a valuable technique. The results from group I are

shown in Figs. #96,97. There was no observable change in the general

microstructure, carbide size or etching rate between regions exhibiting

ductile dimple to cleavage fracture transitions at a fixed test tempera-

ture in group I samples. The largest observable carbides were typically

0.5-2.0 um long. The results from group II samples were roughly the

same as those found in group I samples at the same test temperature.

However it was noted that the average carbide size appeared to increase

slightly. See Figs. #98-101. The results from group III revealed a

change in the etching rate between cleavage and intergranu1ar fracture

site regions based on topography and morphology. See Figs. #102-106.

There was also a change in the carbide size between cleavage and inter-

granular fracture site regions. The intergranular fracture sites had

smaller carbides than the cleavage fracture regions. The largest

observable carbide size in the cleavage fracture regions was measured to

be 1.0-3.0 um long.

The results from group IV are shown in Figs. #107-121. A dis-

tinct change occurred in the etching rate between cleavage and inter-

granular fracture regions. The intergranu1ar fracture sites were more

lightly etched than the cleavage regions. There was also a distinct

change in carbide size between the cleavage and intergranular regions.

The largest observable carbides in the cleavage zones were measured to

be 1.0-5.0 um long while in the intergranu1ar fracture sites they were

measured to be 0.05-1.0 um long.
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In general, carbide size increased in the samples as Sb content

increased. Carbide size was smaller in the intergranular fracture site

regions than in the cleavage fracture regions. Intergranular fracture

occurred in the regions where pro-eutectoid ferrite precipitated in the

as-cast condition.
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IV. DISCUSSION

4.0 Sb MONITORING

Analyzing separately cast test bars manufactured with castings

produced with purchased or recycled scrap steel indicated that Sb was

present in all samples. The mean concentration value of Sb was below

limits established by subsequent CVN transition curve data indicating Sb

was causing deleterious effects on mechanical properties. Statistical

analyses indicated that there was less than a IS% chance of Sb causing

deleterious effects on mechanical properties in low alloy steel castings

produced by recycling scrap. The results also indicated that the AOD

process used by many commercial foundries to remove Sand p. does not

remove Sb from the melt.

4. 1 AS-CAST METALLOGRAPHY

Discussing the influence of Sb on mechanical properties in the

heat treated condition expedites the understanding of the effects of Sb

on the steel in the as-cast condition. The effect of Sb on CVN transi-

tion curves in wrought materials is to decrease upper and lower shelf

energies.S.12 There is a corrsponding increase in transition tempera-

ture data. In this investigation there was a continuous drop in the CVN

upper shelf energy values as Sb content increased. CVN baseline value

is defined as the curve established without Sb added. Lower shelf

values initially decreased. then increased slightly above baseline
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values. There was an initial increase in transition temperature

results. which then returned to baseline values. This transition curve

behavior is shown in latter discussions to be a function of fracture

behavior, which in turn is a function of carbide size. matrix element

segregation behavior, interactive co-segregation phenomenon. and ele-

mental diffusion phenomenon. These parameters are directly influenced

by the condition of the material in the as-cast condition.

From the results Sb appears to have no effect on the freezing

rate or initial prior austenite grain size in the as-cast condition.

Bainite occurred in all groups of test material regardless of Sb content

in the as-cast condition. A bainitic plus ferritic microstructure

should be produced when comparing the calculated freezing rate to CCT

curves for this particular alloy. Pro-eutectoid ferrite occurred at the

prior austenite grain boundaries in all samples from all groups. The

occurrence of pro-eutectoid ferrite formation increased with increasing

Sb content, and occurred randomly within the DA regions in group IV sam-

pIes. This may be directly attributed to the fact that Sb is a ferrite

stabilizer23 and that lower alloy content is associated with dendrite

cores. The differences in etching characteristics noted between DA and

IDA regions in group IV samples are best explained by the changes in the

segregation ratio as Sb content increased. A detailed discussion will

be reserved until the segregation ratio behavior is discussed. The

etching characteristics noted between SF and USF regions is best

explained by compositional or orientational differences, and will be

discussed further.
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4.2 AS-CAST MICROHARDNESS

The hardness values of the SF regions with increasing Sb con-

tent were constant implying that there was no change in alloy element

concentration with increasing Sb content. This was confirmed during

micro segregation and microstructural analysis. The increasing hardness

of the USF regions with increasing Sb content implies that there is a

net increase in alloy element concentration. This was confirmed during

microsegregational analysis.

The increasing IDA region hardness values with increasing Sb con-

tent implies that there is: 1) A net increase in alloy element concen-

tration and carbide forming elements in these regions. This was con-

firmed with segregation ratio changes in this region via EDX analysis;

2) A change in the C content in this region, which was observed to

decrease via microprobe analysis. A decreasing C content in this region

will increase the coarsening rate constant (K*) for diffusion controlled

particle coarsening. This effect will cause carbide size to increase

and therefore increase hardness values in these regions as observed.

More detail will be given later during the discussion of segregation

ratio changes, C behavior, and K* behavior. The DA region hardness

values increased slightly, then remained constant. This can be attri-

buted to a decrease in C content and matrix element concentration in

this region. More detail will be given in the discussion of the segre-

gation ratio and C behavior.
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4.3 AS-CAST MICROSEGREGATIONALANALYSIS

The preceding metallographic and microhardness sections indicate

changes in parameters that are influenced by alloy element (carbide

formers) concentration, segregation ratio, and carbon content. These

latter variables were investigated in this study and the results imply

changes in the activation energy controlling carbide size. The link

between the variables investigated and carbide size is the coarsening

rate constant (K*). See equation #3. A detailed discussion of the

mechanisms controlling carbide size are addressed in Appendix #2. In

general, decreasing the carbon content in ferrite will increase K* and

hence carbide size, all other variables being constant. Decreasing the

diffusion coefficient will decrease K* and hence carbide size. Changes

in carbide size will alter hardness values. Carbide size measurements

were not made in this phase of the study. TEManalysis would need to be

performed.

The segregation index (0) is described by Flemings18 as a para-

meter to describe the degree of microsegregation in a cast material

after heat treatment where dendritic solidification occurs.

(equation 4)

where: CM =maximum solute concentration of element i

(in the IDA regions)
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The segregation ratio for as-cast structures used in this study was

developed by J. Philibert et al.26

O. =~ (equation 5)

They noted that: 1) The segregation ratio of various elements

increased with impurity concentration; 2) The segregation ratio of C is

influenced by the presence of other alloying elements. The segregation

ratio may be related to the diffusion behavior of elements by:

(equation6)

= minimum solute concentration of element i

(in the DA regions)

CMo = maximum initial solute concentration of element i

= minimum initial solute concentration of element i

0i = index of residual microsegregation of element i

where: CIDA. = concentration of element i in the IDA region

CDA. = concentration of element i in the DA region

CBi = bulk or nominal concentration of element i
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In the SF regions, no change was observed in alloy element and C

content as Sb content increased. This implies no change in hardness.

Microhardness data confirmed the microsegregation data. The C value

obtained in this region was higher than the maximum equilibrium value of

C in solid solution in ferrite (0.025 Wt %). This anomaly will be cov-

ered in later discussions. Carbides where not seen in these regions.

EDX and WDX analysis confirmed that the difference between the SF and

USF regions is composition. As noted previously, compositional and

orientational differences might be the reason for the difference in

etching characteristics noted. The C content increased in the USF

regions as Sb content increased. Hardness changes can be explained by

the increased hardenability of this region due to increased alloy con-

tent and by local Ae3 changes. As Sb content increased, the USF

regions increased in Sb, Mo, and Si content and decreased in Ni and Cr

content. An increasing local Si content will increase the local Ae3

transformation temperature, therefore increasing the volume free energy

change controlling the nucleation of ferrite and the concentration

gradient.27 A decreasing Ni content will have the same local effect

where: DS. = the diffusion coefficient of the solute element1

in the solid at the temperature of homogenization

of element i

t = time

10 = 1/2 the dendrite arm spacing
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as an increasing Si content.28 An increasing local Ae3 transforma-

tion temperature implies: 1) The propensity for ferrite formation will

increase as Sb content increases.29 This was observed and is the

second reason why pro-eutectoid ferrite increased at the prior austenite

grain boundaries alluded to previously; 2) There will be a decrease in

the solubility of C in ferrite.30 Since the C content in this region

increased, but the solubility of C in ferrite decreased with increasing

Sb content, it is hypothesized that the observed changes in the C con-

tent in this local region might be due to an increased propensity for

carbide formation though no carbides were observed. This hypothesis can

be supported by noting:

1) As C content increased, K* and hence carbide size will

decrease.

2) Decreased diffusion of C atoms by the presence of Sb will

decrease K*, decreasing carbide size.

3) An increasing Si content will tend to retard growth and

size.

4) Mo decreases the activity of C,46 therefore C diffusion

from this region will be retarded.

5) There is a net increase in carbide forming elements in the

USF region, particularly Mo. Therefore the number of

potential carbides increases. This would tend to decrease

hardness values, which was observed, not by increasing

carbide size, but by an increasing number of small

carbides.
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It is therefore proposed that the high C contents found in the

."

USF region is not due to C in solid solution in the ferrite, but due to

an increasing number of very small carbides in the ferritic matrix as Sb

content increased. TEM analysis of these regions would need to be per-

!' formed to confirm this hypothesis. It should be noted however, that

other studies indicated that a increasing Ae3 transformation tempera-

ture increases the susceptibility of low alloy steels to temper embrit-

tlement.27,32 Carbide precipitation is altered by increasing impurity

concentrations.32.3S,37 Increasing impurity concentrations increase

hardness values.36 The random ferrite (RF) found in the DA regions of

group IV samples had the same composition and carbon values as the USF

regions just discussed. Therefore carbide behavior is assumed to be the

same. Hardness values were similar.

High concentrations of carbides in ferrite is typically referred

to as anything else except ferrite, bainite for example. Therefore

questions arise regarding: 1) Is the ferrite, ferrite at high Sb con-

centrations? 2) Why does it remain ferrite? The data gives the fol-

lowing indications that the ferrite found is pro-eutectoid ferrite:

1) The sum total of all elements (not including trace ele-

ments) present in the ferrite is much lower than the sum

total of all elements present in the bainitic matrix.

2) The hardness of the ferritic regions is always less than

the bianitic matrix even at high Sb concentrations.
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3) The etching characteristics of the ferritic regions was

not the same as the bainitic matrix etching behavior. The

appearance of the ferrite at low Sb concentrations, where

it was distinctly and inequivocally Fro-eutectoid ferrite,

didn't change as Sb content increased.

4) Viewing the ferritic regions in the Steads etched condi-

tion in the SEM indicated banding of the deposited Cu.

This was interpreted to mean that banding of the M ele-

ments had occurred in the ferrite. This was not seen to

the same degree in the bainitic regions.

The reason the pro-eutectoid ferrite remained ferrite at high Sb con-

centrations even with carbides allegedly present, is due to the high

concentrations of Mo and Sb occurring there. These elements are strong

ferrite stabilizers, hence the ferrite remained ferrite. The segrega-

tion ratio for all elements increased in the bainitic matrix regions as

Sb content increased. This means that alloy element composition is

increasing in the IDA regions. It also implies that the segregation

free energy (6G) is also increasing. The distinct difference in com-

position between the DA and IDA regions is the reason why the etching

characteristics were different between the two regions at high Sb con-

centrations. As mentioned previously, the hardness of the IDA regions

increased with increasing Sb content. This behavior can now be

explained by alloy element and C behavior. As alloy element (carbide

formers) concentration increased in this region, the likelihood of
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carbide formation and hardenabi1ity also increased. Since the C content

decreased, K* increased and carbide size increased. Therefore hardness

in the IDA regions increased as Sb content increased as the data indi-

cated. The DA regions increased in hardness initially as Sb content

increased, then appeared to either remain constant or increase only

slightly. This behavior can be explained by noting that: 1) As Sb

content increased, the C content in this region decreased. Thus K* and

carbide size increased, increasing hardness values. 2) As Sb content

increased, alloy element (carbide formers) concentration decreased,

hence the propensity for carbide formation decreased which tends to

lower potential hardness values. The net result of these two opposing

effects is to initially increase hardness values as carbide size

increases, then hold the hardness values nearly constant as the pro-

pensity for carbide formation decreases.

The segregation ratio behavior implies that elemental behavior is

influenced by the solid solubility of each alloy element with respect to

Sb. Most alloy elements (M) have limited solid solubility with Sb,

except for Ni.23 This means that matrix-impurity (M-I) interactions

are strongly repulsive, MNi-ISb are attractive. This implication

has been confirmed by Guttman33 who also notes that impurity (I) e1e-

ments tend to alter the solid solubility of M elements in Fe. Therefore

it is the solidification behavior via M-I interactions which affect the

segregation ratio which in turn affects K*, carbide size and hence

hardness values in the as-cast condition.
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Solidification behavior of this alloy system may be understood by

analyzing the phase diagrams of the primary elements. The primary ele-

ments present in this alloy system are: Fe, C, Cr, Ni, Mo, Mn, Si.

Looking at the phase diagrams of various combinations of elements will

define the overall solidification behavior of the multicomponent system.

Of interest are: Fe-C, Fe-Mo-C, Fe-Ni-C, and Fe-Cr-C. These phase dia-

grams all include a peritectic reaction with Fe-Ni-C being a pure peri-

tectic reaction without involving any other phases.23 These peritec-

tic reactions will dominate the freezing behavior of the remaining alloy

elements. Hence the overall freezing behavior of this alloy system will

involve the peritectic reaction: L + a;:::!{3. The dominate parameter of

the peritectic reaction is diffusion of substitutional elements. The

original bulk or nominal composition of alloy elements suggests that the

overall reaction may occur as a hypoperitectic reaction. This leads to

the natural segregation of elements during solidification. This is evi-

dent from the data since the segregation index for alloy elements is

greater than zero even at low Sb concentrations. See Fig. #32.

The effect of Sb on the solidification process can be understood

by analyzing the behavior of a Fe-C phase diagram and the Fe-Ni phase

diagram. The Fe-C peritectic occurs at 1495 C over a range of 0.09 to

0.53 Wt % C. The Fe-Ni peritectic occurs at 1517 C over a range of 4.0

to 5.4 Wt % Ni for example. See Fig. 11122. Three binary peritectic

phase diagrams joined together form a ternary phase diagram, creating a

three phase field below the peritectic lines of each binary peritectic.
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This is due to the tie lines joining each peritectic line of the indi-

vidual binary peritectics. The resulting isopleth drawn from Fe to

point "X" may look similar to Fig. //IZ3.

The initial bulk composition is at Co At Tl the first solid

to form is approximately of composition Cl (depending on the location

of the tie line) and the final liquid to solidify in the IDA region

(CZ) is much richer in alloying and impurity content.

The Fe-C solidification process involves a well known peritectic

reaction.18 Diffusion of C is rapid and the segregation ratio is very

low. Increasing the alloy element concentration retards the peritectic

reaction, decreases elemental diffusion, and hence increases the segre-

gat ion ratio. In this study alloy element concentration was held con-

stant, impurity element (Sb) content was increased. The result was an

increased segregation ratio. Hence Sb retards the peritectic reaction.

A summary of the alloy element changes vs carbide size as a func-

tion of increasing Sb content in the as-cast condition are shown in

Table #XII. In summary it can be stated that the effect of an increas-

ing Sb content on dendritic solidification is to retard the peritectic

reaction. This in turn increases the segregation ratio, causing speci-

fie regions of the solidified product to change in composition. Differ-

ences in composition affect the carbide coarsening rate (K*) and hence

carbide size. Differences in carbide size influence hardness values in

various regions.
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4.4 HEAT TREATED "A" CONDITION: MECHANICAL TESTING

CVN impact results coupled with fractographic analysis of the CVN

impact samples i~dicated that both CVN transition temperature and Z data

(from equation #2) can be explained by analyzing fracture behavior as a

function of Sb content and test temperature. The clearest interpreta-

tion can be made from the Z vs impact energy curve. In comparison to
..

the curve generated by group I samples, group II samples had lower

impact energy values regardless of test temperature. This is due to an

increased propensity for cleavage fracture behavior over the ductile

dimple fracture behavior found in group I samples. This translates to

decreased upper and lower shelf energy values and increased transition

temperature values as Sb content increased. In comparing group III

results to group I, the continuing decrease in upper shelf energy values

is again due to the increased propensity for cleavage fracture. How-

ever, intergranular fracture also began to appear. Thus the overall

drop in the upper shelf energy values and the increased transition tem-

perature values can be attributed to both fracture modes contributing to

the decrease in CVN impact energy. The cleavage fracture mode was pre-

dominate. The apparent increase in lower shelf energy values obtained

in group III samples is due to the occurrence of the "step fracture"

mode described in the results. This fracture behavior occurred at about

the same test temperature as the apparent increase in CVN energy values.

The "step fracture" mode implies major differences in composition (and

hence carbide behavior and hardness) occurring between the DA and IDA

regions. In other words, the increased segregation index of various
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elements found in the as-cast condition of group III samples was insuf-

ficiently altered by the heat treatment due to lack of diffusion of

alloy elements. The difference in composition between the DA and IDA

regions alters carbide behavior and hardness, which in turn affects the

crack behavior. The crack tends to go over or around regions where com-

position and hardness are higher, hence the "step fracture" mode is

formed between DA and IDA regions. This fracture behavior requires more

energy for the passage of the crack when compared to the planar fracture

mode found in group I and II samples, hence the slight increase in CVN

energy results above baseline data. The drop in upper shelf energy

values of group IV samples can be attributed to the greater propensity

for intergranular fracture over group III samples. The lower shelf

energy values are below that obtained for group III samples, but still

slightly above the results obtained for group I samples. This is due to

the transformation of the "step fracture" mode to a planar fracture mode

with large shear steps. The planar fracture mode is due to the high

degree of equivalent brittleness between the DA and IDA regions because

of increased carbide size in both regions. In areas where the degree of

composition, carbide size and hardness are the greatest, define the

regions where the shear step is encountered. The energy for passage of

the crack through the various microstructural regions is increased

slightly by the encounter of the "step fracture" regions, but is rela-

tively constant while continuing throughout the sample until the next

shear step is encountered. The result is a slight increase in the lower
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shelf energy values when compared to values from group I, but a decrease

in energy values when compared to data from group IV.

In general, it can be stated that increased Sb content in the

test samples lowered the CVN upper shelf impact energy values. It would

have resulted in a decreased lower shelf energy value and an obvious

shift in transition temperature values if the fracture behavior were not

complicated by the implied compositional and hardness variations between

the DA and IDA regions. The general shifts in toughness values are due

to the increased propensity for cleavage and intergranular fracture

modes as Sb content increased. The fracture behavior suggests that dif-

ferences in alloy element composition occurring in the as-cast condition

are unaltered during heat treatment at high Sb concentrations, i.e.. the

diffusion coefficient of alloy elements decreased with increasing segre-

gation index, hence regions of alloy element concentration remain in the

heat treated condition. Therefore K* is altered and hence carbide size

is changing. Differences in carbide size alter fracture behavior and

hardness. The changes in shelf energy values and transition temperature

values with increasing impurity (Sb) content is what many authors refer

to as reversible temper embrittlement.

4.5 HEATTREATED"AU CONDITION: HARDNESS TESTING

Brinell hardness values and the range of the values increased as

Sb content increased. The hardness data obtained in this heat treated

condition supports the microhardness data obtained in the as-cast

condition. It suggests that carbide size increased as Sb content
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increased. A detailed discussion of carbide size changes is reserved

until the fracture vs microstructure section where carbide size was

measured in various regions. The increased range of the hardness values

suggests that the compositional differences occurring between the DA and

IDA regions increased as Sb content increased. Thus the results imply

that with increased Sb content, alloy element diffusion decreased with

increased element segregation index during heat treatment, which in turn

increased K* and hence carbide size. Carbide size changes influence

fracture behavior and hardness values and hence CVN transition curve

data. The overall increase in hardness data was not large, however the

fact that brinell hardness testing was able to detect a change with such

small amounts of Sb added is significant. Increasing hardness values

with increasing impurity concentration was also obtained by Senicourt

and Krahe in a low alloy system tested with 800 ppm of Sb.36 See

Appendix #1, Table HAVIll for raw data.

4.6 HEAT TREATED "A" CONDITION: METALLOGRAPHY

Macroetching samples consecutively with Vilellas' and Steads rea-

gents indicated that while the microstructure was altered by heat treat-

ment, the effects of initial solidification remained constant. This

implies that heat treatment was ineffective in altering the differences

in composition found in the as-cast condition due to the fact that the

diffusion coefficient is very low for solid state diffusion over long

distances.
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The tempered martensitic microstructure was the expected micro-

structure to be obtained from the given composition and heat treatment.

The etching characteristics noted between the DA and IDA regions at high

Sb concentrations can be explained by the increased segregation index

and decreased diffusion coefficient of alloy elements uuring heat treat-

mente The higher concentrations of alloy elements in the IDA regions at

high Sb contents tend to make those regions less susceptible to acid

attack from the etchant as a function of time. Since the etching time

was held constant, the regions where alloy element concentration was

higher would appear lighter than the regions where attack occurred nor-

mal1y. Hence the relationship between the light and dark areas obtained

with the Vi1el1as' reagent and the DA/IDA regions obtained with the

Steads reagent. The relationship between etching characteristics

implies that the increased segregation ratio with increased Sb content

was relatively unchanged after heat treatment as the fracture behavior

implied. Hence K* and hardness values would tend to increase as Sb con-

tent increased. This implication was confirmed with the hardness

results. Therefore to confirm the various parameter behaviors noted,

carbide size behavior as a function of fracture behavior must be

addressed.

4.7 HEAT TREATED "A" CONDITION: FRACTURE/MICROSTRUCTUREANALYSIS

Carbide size in various fracture regions were measured directly

from SEM micrographs. The results indicated that the carbide size

increased in the general microstructure from approximately O.5-2.0um in
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group I samples to 1.0-5 in group IV samples. This increase in carbide

size with increasing Sb content confirms the increase in hardness values

obtained, and the change in fracture mode from group I (ductile dimple)

to group IV (cleavage). The relationship between carbide size and frac-

ture behavior to be discussed later. In group IV samples a distinct

change in the etching rate was observed between the cleavage fracture

sites in the matrix and the intergranular fracture sites in juxteposi-

tion. This implies a difference in composition or crystallographic

orientation between the two regionst and hence a difference in K* and

thus carbide size. This was confirmed by comparing carbide size differ-

ences between the two regions. The carbide size in the intergranular

fracture sites was approximately 0.05-1.0um compared to 1.0-5.0um found

in the matrix. The measured carbides were the largest and most observ-

able in a given region. Smaller carbides were present in all areas

observed, but were too small to accurately measure. Carbide size dif-

ferences between the cleavage and intergranular fracture regions con-

firms the implied differences in K* and hence composition between the

two regions. It also implies a difference in toughness between the two

regions and a clue to intergranular fracture site behavior. Smith

developed a model for growth controlled cleavage fracture incorporating

carbide size into his equations.38 His equations predict that

increasing carbide size gives rise to decreasing fracture stresses.

MCMahon and Cohen demonstrated that large carbides promote cleavage

fracture modes while fine carbides allowed a material to behave in a

more ductile, hence tougher manner.39 The role of segregated C
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affecting carbide size and its subsequent effects on intergranular frac-

ture has been suggested by other authors. but not confirmed.33 An

incr€ase in carbide size with increasing Sb content was observed in the

general matrix of low alloy steels studied by D. Senicourt and P. R.

Krahe.36 Carbide precipitation at intergranular fracture sites has

been observed by other authors as Sb content increased.32,35.37

EDX analysis of intergranular fracture sites indicated an in-

crease in alloy element concentration above nominal values found in the

matrix. This would support carbide size and etching behavior noted

between the two regions. Combined Auger and Secondary Ion Mass Spectro-

metry (SIMS) analysis across grain boundaries and on cleavage regions

would be preferable if a sample preparation procedure could be estab-

lished. One possibility would be to fracture the sample under high

vacuum and remotely etch the surface. The sample could be placed in a

Auger+SIMS system with a sample transfer vessel.

4.8 THE BASIC MODEL FOR SEGREGATION

Thus far. the discussion of results from the heat treated "An

condition has identified the following parameters controlling mechanical

properties and microstructure: 1) As Sb content increased, the segre-

gation ratio increased. hence various regions retained the original

microsegregation after heat treatment; 2) As Sb content increased. car-

bide size (and hence K*) increased in the general martensitic matrix; 3)

As Sb content increased, carbide size (and hence K*) decreased in the

intergranular fracture site regions. The segregation index and K* are
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dominated by the diffusional behavior of alloy elements, hence the dif-

fusion coefficients of alloy elements are the primary parameters. How-

ever K* is strongly influenced by C content in a given region and the

segregation index does not take into account the segregation behavior at

interfaces. Therefore in order to adequately describe how the identi-

fied parameters affect material behavior, two other key parameters must

be addressed: 1) interactive co-segregation of M-I elements at grain

boundaries and 2) the behavior of C in the general martensitic matrix

and at the intergranular fracture site regions.

Interactive co-segregation at grain boundaries plays an important

role in temper embrittlement and intergranular fracture behavior. In

S')

this study, EDX analysis failed to find Sb present on intergranular

fracture site surfaces or across intergranular fracture grain boundaries
,

; due to the small amount needed to cause failure. Combined Auger+SIMS

analysis would be the preferred analytical technique. Current auger

data has been integrated successfully into a McLean type equation that

describes inter-element behavior.11,33,40 A qualitative evaluation of

the equation with respect to data obtained in this study will give a

clue to grain boundary behavior.

If both alloy elements (M) and impurity elements (I) segregate

independently without site competition at a grain boundary (0), the

equilibrium value of their interfacial concentration (Xi.i=I/M) is a

function of their concentration (xt) in solid solution (a) by the

McLean type equation:33,40
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=
(

AGi
)exp RT

(equation 7)

Where: AGi is the segregation free energy of element i. The

segregation free energy is the effect of preferential

chemical interactions between two different solutes49

and may be traced to phase diagram behavior.33

yt is the partial coverage in the interfacial sublattice

available for i atoms. (The assumption is that the boun-

dary is made up of two types of sites, or sublattices; one

being completely filled by the atoms of the base element

and one of the solutes, the other sublattice being only

partially filled by the atoms of the second solute.49

xtsat is the maximum value of X at absolute saturation.

When site competition exists between M and I atoms with respect

to the solvent (Fe), the segregation free energy (AGi) become func-

tions of the intergranular concentrations of the respective M and I ele-

ments. Assuming pairwise interactions, the previous function becomes:



(equation 8)

energies at the interface and matrix respectively.

~Gi andAG~ are the segregation free energies and equal
>

to the rspective binary Fe-i alloys and are constant.

Rearranging the second equation gives:

(equation 9)

afP, aO, and G are all constant.

,
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where C<ll and afP are the fractions of sites available at the

interface for M and I atoms, (afP + cfP = 1)

n:i and Bmi are the preferential M-I interaction
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Y! can be positive or negative depending upon the material

system, segregating elements and conditions, and will determine material

behavior. For example, boron additions to platinum alloys has been

shown to segregate to grain boundaries, increase grain boundary cohesion

and the propensity for cleavage fracture, hence increasing ducti-

1~ty.50 P segregation to grain boundaries of Monel 400 has been shown

to decrease intergranular fracture by mercury and hydrogen embrittle-

ment.51 In this study, increased Sb concentrations decreased grain

boundary cohesion and increased intergranular fracture. As the segrega-

tion index of alloy elements increased with increasing Sb content, 6Gm

increased also. This occurs in the matrix and at regions near grain

boundaries, particularly near grain where Sb content is high. Since the

d~ffusion coefficient of alloy elements decreased in the regions that

were initially pro-eutectoid ferrite in the as-cast condition, M and I

element concentrations are higher in those regions after heat treat-

a
ment. Therefore XI will be higher at higher Sb concentrations. As

alloy equation #9 indicates, increasing6Gm and XI will increase

y!. In other words. as the segregation free energy of the (M) ele-

ments increased with increasing Sb content (I) in a given region, the

coverage of Sb (I) atoms at the grain boundaries increased. This leads

to grain boundary decohesion and intergranular fracture by increased

grain boundary misorientation, dislocation density or ledge

strengths.52 It is the increase in impurity concentration at low

alloy grain boundaries that leads to decohesion of the boundary causing
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intergranular fracture that many authors refer to as reversible temper

embrittlement.41,42,43,44,45.

Interfacial impurity coverage can be related to the diffusion

coefficient of element i and time by the following relationship:

(equation 10)

As mentioned previously, the carbide coarsening rate (K*) is

directly proportional to diffusional behavior and inversely proportional

to C content. Carbide size measurements in the heat treated condition

indicated that as Sb content increased (and hence diffusional behavior

decreased), the carbide size in general tempered martinsitic matrix

increased while carbide size in the intergranular fracture regions

decreased. Diffusional behavior alone can account for the decrease in

where: X is the concentration of element I in solid solution

d is the interface thickness

Di is the diffusion coefficient of element i

t is time
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carbide size in the intergranular fracture regions, but not in the

general matrix regions. If one takes into account the C content in the

general bainitic matrix and pro-eutectoid ferrite sites before heat

treatment, carbide size can be predicted in the various regions after

heat treatment. For example: 1) In the pro-eutectoid ferrite regions,

C content was noted to increase with increasing Sb content. This would

decrease K* in the intergranular fracture regions. Reduced diffusion

activity with the retarded peritectic reaction would further decrease K*

and hence carbide size in the intergranular fracture regions would be

expected to be very small as was found in the heat treated condition of

this study. 2) In the general bainitic matrix, C content decreased

while diffusional activity decreased. A decreasing C content would

increase carbide size while decreasing diffusional activity would

decrease carbide size. Since carbide size in this region increased, one

could concluded that the C content in a given as-cast region dominates

K* and hence carbide size. Therefore the diffusion coefficient of C

plays a secondary role in determining K* and carbide size. In other

words, as Sb content increased and the diffusional behavior of alloy

elements decreased with the retarded peritectic reaction in the as-cast

condition, C mobility decreased during heat treatment. Jatczak et

a153 noted that C segregation and carbide formation was a function of

segregated alloy element content in banded structures. J. Philibert et

a126 noted that as the segregation index of an alloy increased, the

activity coefficient of C decreases in carbide formation. In a recent
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article by Qu and McMahon, Jr.54 it was noted that alloy carbide

formation was not dominated by diffusional behavior during long term

tempering. The same article demonstrates that alloy carbide formation

and behavior plays an important role on temper embrittlement of alloy

steels.

4.9 THE ROLE OF THE SEGREGATED AS-CAST CONDITION ON THE HEAT-TREATED
STRUCTURE

The effects of heat treatment can be related to the results

obtained and theory in the following manner: At low Sb concentrations

during austentization, the ferrite and carbides dissipate upon heating

above the Ae3 transformation temperature to form austenite. Limited

diffusion of alloying elements and rapid diffusion of C takes place and

new austenite grain boundaries form. Upon cooling ferrite and carbides

are reformed resulting in bainite. During quenching, the process is

repeated, however rapid cooling produces martensite. During tempering,

C is removed from solution by precipitation of iron carbides. These

carbides coalesce into larger particles. Diffusion allows an exchange

of atoms between the iron carbides and alloy rich ferrite to form alloy

carbides.

The preceding discussion is altered at high Sb concentrations.

Because the peritectic reaction is retarded, the segregation ratio of

alloy elements including C increases in the as-cast condition. Since

the diffusion coefficient of alloy elements is low for solid state

diffusion, standard heat treatment is ineffective in reducing the

segregation index. Therefore local regions of high alloy element
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concentrations still exist after heat treatment. The lower C content in

the matrix at high Sb contents will increase K*, hence carbide size in

the matrix increased as Sb content increased in the fully heat treated

condition. This leads to increased cleavage fracture in the matrix as

Sb content increased. In the initial ferritic regions where the local

Ae3 transformation temperature has increased in the as-cast condition

and the C content is locally higher, K* decreases, hence carbide size is

retarded. Therefore in the heat treated condition, the intergranular

fracture sites have more numerous smaller carbides as the data indi-

cated. This leads to increased toughness locally. Since alloy element

content and even dislocation density is different between the prior pro-

eutectoid ferrite sites and the matrix, etching characteristics vary

between the two regions as the data indicates. Alloy element concentra-

tion has increased in some of the prior proeutectoid ferrite sites. As

the Ae3 transformation temperature is exceeded during austentizing and

quenching cycles, strongly negative interactions between the local Sb

and alloy elements forces the Sb to relocate at the nearest low energy

sites, i.e., at the new austenite grain boundaries forming during those

cycles. Hence Y! (impurity concentration at the grain boundary)

increases, decreasing grain boundary cohesion. Therefore a crack will

tend to avoid the high toughness regions associated with smaller carbide

size and take the path of least resistance, i.e, the grain boundary.

Hence the propensity for intergranular fracture increases. 'CVN impact

energy values decrease due to the increased propensity for cleavage and
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intergranular fracture, hence CVN transition temperature values

increase.

In summary of the effects of SB on the heat treated "A" condition

in this alloy.system is to: 1) Cause the material to retain differ-

ences in alloy content in various regions due to the retarded peritectic

reaction and diffusion coefficients. 2) Increase the carbide size in

the tempered martensitic matrix while decreasing the carbide size in the

regions where proeutectoid ferrite occurred in the as-cast condition,

.

i.e., the intergranular fracture sites. 3) Increase Sb concentrations

at the new grain boundary sites where the prior proeutectoid ferrite

occurred in the as-cast condition. 4) Increase the propensity for

intergranular fracture in the regions where proeutectoid ferrite occur-

red in the as-cast condition because: A) Grain boundary decohesion

occurs at a higher rate and B) A crack will tend to avoid the high

toughness regions associated with the smaller carbide size and take the

path of least resistance, i.e., the grain boundary. 5) Increase the

propensity for cleavage and intergranular fracture and thus decrease CVN

impact energy and increase the CVN transition temperature values.

4.10 DISCUSSION OF HEAT-TREATED "B" CONDITION

From the preceding summary, the parameters to be evaluated by

heat treatment "B" are: 1) Alloy element concentration in various

regions. 2) Carbide formation behavior. 3) Grain boundary composi-

tion. Each parameter is influenced by diffusional behavior.
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Diffusional behavior during heat treatment is a function of time and

temperature. Time at both austentizing and tempering temperatures were

varied with heat treatment "B".

The results of heat treatment "B" indicated that at low Sb

concentrations, increased time at both austentizing and tempering

temperatures had only a small effect on CVN impact energy values and

hardness while at high Sb concentrations. CVN impact values increased

and hardness values decreased. The effect of increased time on the

segregation index can be evaluated by the previously given equation:

From this equation DsCr decreases from 1555.0 um2/hr to 936 um2/hr

as 6Cr increased from 0.10 to 0.25. As time is increased to 15 hr,

DsCr decreases to 93.6 um2/hr. The effect on the segregation index

in both cases becomes:

@ 1. 5 hr
2 (936 m2/hr)(1.5 hr) - 0.25

100#Lm2

@ 15 hr
2 (93.6 m2/hr)(15 hr)

100#Lm2
- 0.25
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From this example it can be seen that increased time at temperature has

little effect of the segregation index of Cr as Sb content is

~ increased. The same will be true with other elements except C. Hence

d~fferences in composition will remain in various regions and the

ensuing reactions previously discussed could possibly take place.

Therefore diffusional behavior plays a primary role in segregation

behavior during solidification but only a secondary role during heat

treatment.

The relationship between the interfacial impurity coverage (Y!)

and time is: 33

(equation 10)

a
From the preceding example, Di decreased with increasing time, Xi

will remain nearly constant. Therefore from the equation it can be seen

that Y! and hence grain boundary decohesion will decrease with in-

creasing time at temperature. Thus the propensity for intergranular

fracture will decrease, tending to raise impact energy values as found

in heat treatment "B" Hence Y! plays an important role in determining

mechanical properties in the heat treated condition.

The effect of time on K* can be evaluated by equation #3.

Increased time at temperature will allow C to diffuse in a more normal

manner even as Sb content is increased. Hence the concentration of C in
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ferrite (martensite consists of carbides in ferrite) will increase with

increasing time. Therefore K* will decrease, decreasing carbide size

and hence hardness values as found. Decreased carbide size will in-

crease toughness values via increased ductile dimple fracture behavior,

and hence increase CVN impact energy values as found from heat treatment

"B". Therefore carbide size plays an important role in segregation be-

havior and mechanical properties of this alloy.

In summary, it can be stated that the parameters identified con-

trolling segregation behavior in the as-cast condition and mechanical

properties in the heat treated "A" condition, appear to be confirmed by

the results of heat treatment "B". It is therefore concluded that car-

bide size and impurity concentration at grain boundaries control mechan-

ical properties via segregation behavior. Carbide size and impurity

concentration at grain boundaries were observed to be the dominate para-

meters in temper embrittlement behavior due to effects of service expo-

sure in three CrMoV steam turbine rotors studied by Qu and McMahon

Jr.54

4.11 PRE-ANALYSIS ERROR EVALUATION

The experimental procedure was designed to evaluate: 1) The

presence of Sb in scrap steel and to determine if Sb could be removed

from the melt by conventional processing if it were present. 2) The

effect of Sb on dendritic solidification in the as-cast condition. 3)

The effect of Sb on mechanical properties in the heat treated condition.
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The tests outlined in the experimental procedure for monitoring

Sb in scrap steel were a simple evaluation with statistical analysis.

Compositional accuracy was the main criteria. The problems encountered

regar~ing accuracy and the solutions to those problems were covered in

the experimental procedure. See Appendix HI, Table HAl for raw data

used for analysis.

The tests outlined in the experimental procedure to evaluate the

effects of Sb on dendritic solidification, were designed to quantita-

tively and qualitatively evaluate the parameters affecting solidifcation

in the as-cast condition. The changes in parameters could compared to

known reactions concerning solidification theory, carbide formation/

coarsening and segregation behavior so that a hypothesis could be postu-

lated concerning the effects of Sb on solidification. Some error is

inherent in this analytical approach. Anticipating and reducing errors

was attempted before analysis was initiated. Discussion of anticipated

errors associated with each parameter analysis will be dealt with sepa-

rately.

Of particular importance to the metallographic analysis of the

solidification pattern was the use of the Steads reagent. Initially

developed for detecting P rich regions (Steadite) in cast irons, the

process involves a chemical reaction in which Cu is first deposited on P

depleted regions. Metals progress48 described the reagent as a method

to show the segregation of P and other elements in solid solution in low

alloy steels. Initial use indicated it would reveal the dendritic

solidificationpattern of a cast material. This was confirmedusing EDX
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Cu line scan analysis with the SEM. Possible differences in the ferrite

staining behavior (SF and USF) from the steads reagent are: 1) Compo-

sitional differences between SF and USF. 2) Crystallographic orienta-

tional differences between the two regions and, 3) A galvanic action of .

the plating process on the two regions causing changes in the Cu deposi-

tion rate. Possibility #3 would be a function of possibilities #1 and

#2. #1 was examined via quantitative EDX analysis and confirmed. See

Appendix HI, Table HAIl for raw data. No testing was performed on #2.

STEM or auger analysis would need to be performed. However, other

authors have indicated that crystallographic orientation influences com-

position .10

Cooling rate calulations (equation #1) were based on the work of

Flemings18 where secondary dendrite arm spacings were plotted against

average cooling rates. Raw data used to generate Table #VII may be seen

in Appendix #1, Table #AIII. To verify this calculation, a second

method of calculating cooling rate was employed. The amount of super-

heat in the melt and the freezing temperature based on composition were

known in this investigation. The amount of time from pouring the test

bars to freezing was measured and the cooling rate was calculated. The

two calculated values fell within 0.2 F/min of each other.

It was therefore felt that the method of calculating the cooling

rate based on secondary dendrite arm spacings was sufficiently accurate

once the experimental constants in Flemings equation (equation #1) were

determined. Hence changes in the solidification process via cooling

rate could be evaluated as a function of Sb content.
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Microhardness values also held some degree of error. The two

dimensional representation of a region of interest appearing on a flat

metallographic sample may not be representative of the actual three

dimensional volume of the region. To overcome this.possibility, as many

microhardness readings as possible were obtained concerning a specific

region of interest. It was assumed that the average values would be '

representative of the true hardness of that region regardless of volume

effects. The hardness of a region in a cast material is a function of

the distance from the initial chill (mold) surface, becoming softer

toward the interior (last region to solidify). The experimental proce-

dure defined the exact distance from the chill surface in which micro-

hardness analysis could be performed. See Fig. #2. This distance was

held constant from specimen to specimen to reduce error. However, not

all specific regions of interest occurred within the defined distance,

necessitating some specimen movement to find the region of interest.

This introduced some error into the microhardness values and resulted in

an increased range of results.

Carbide size and the number of carbides will alter the hardness

values obtained in specific regions.19,20 Carbide size is a function

of the activation energy of coarsening equal to the diffusion of solute

atoms in the microstructural matrix.21 The number of carbides is a

function of nucleation kinetics. Thus carbide size is dependent upon

composition and diffusional behavior of a region. The composition of

specific regions changed as Sb content increased, altering carbide beha-

vior and therefore hardness values. By taking as many microhardness
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readings as possible, the mean value should be representative of the

hardness behavior of that regiont the range would indicate the error

introduced by distance effects. By plotting the mean hardness values of

a specific region of interest vs.Sb contentt the effect of Sb on the

hardness values could be determined. General hardness trends would

indicate compositional behavior in that region as a function of Sb con-

tent. The mechanisms controlling microstructural changes could be

deduced when the hardness data was compared to compositional data.

Therefore the error introduced by the inability to maintain a constant

position on the sample during analysis could be ignored if the general

trend of the mean values of the hardness data could be supported by the

general trends of the mean values of the compositional data. See

Appendix #1, Table #AIV for raw data, and equation #3.

EDX microsegregational analysis also held some degree of error.

For example, as an electron beam from a SEM strikes a specific region of

interest, the excited volume might include areas outside the region of

interest. Thus the X-ray intensity output of the various elements pre-

sent might not be representative of the true composition. To reduce

this possibility, the EDX analysis was performed at 20tOOOX, reducing

the excited volume. The center of several sites per region were aver-

aged with the results of other regions. Thus the mean compositional

values should be representative of the true composition of a region.

The composition and segregation ratio of a specific region of interest

will change as a function of distance from the initial mold (chill) sur-

face toward the center of the casting.I8 To overcome this problem,



67

the distance from the mold surface was held constant. This insured that

the compositional analysis of a specific region of interest would be

constant with respect to the dendritic solidification process. If com-

positional c~anges could be detected, it would be due to the effect on

Sb on the solidification process, not due to distance effects. See

Appendix #1, Table #A V for raw data. By plotting compositional mean

value trends in various regions vs Sb content, the effect of Sb on the

solidification process could be evaluated when the data was compared to

hardness data.

Quantitative EDX analysis of regions in the Vilellas' etched con-

dition gave inconsistent results. This was due to preferential removal

of some elements by the etchant. Hence this technique was discon-

tinued. EDX line scan analysis for matrix elements in the unetched con-

dition was unable to confirm changes in composition across defined

distances. This was assumed to be due to: 1) The concentration of

matrix elements was too low for adequate detector response and 2) The

concentration changes were too small to be within the ratemeter ampli-

fier response limits as a function of time. Therefore EDX spot analysis

was used and the time of analysis per location was increased to 200

seconds. With this technique, the counting statistics improved enough

to give consistent quantitative results on standards. EDX analysis

gives no clue to what form the element is in. For example, the value

for Cr could be from the amount of Cr in solid solution in the matrix or

from Cr as Cr carbides or both.
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The same errors affecting EDX analysis also affect WDX analysis.

Therefore similar analytical techniques were used in both analyses.

However, other precautions had to be taken for the analysis of C.

Hydrocarbon contamination from the SEM evacuation system were of primary

concern. The systems were calibrated to C standards. Analysis time on

C standards and regions of interest were held constant. A turbomole-

cular evacuation system was favored over a diffusionally pumped system.

C and Sb concentration are within the limits of WDX resolution. Results

can be interpreted as trends. not quantitative fact. However, it was

from WDX analysis that the C content was noted to be higher in the

ferritic regions than the bainitic matrix. Therefore the analysis of C

and Sb was repeated for group I and IV samples using microprobe analysis

to confirm the results.

The various possibilities for error present with EDX and WDX

analysis on a SEM are also conceivable during microprobe analysis. The

countermeasures taken to avoid error in the previous analysis were

repeated here also. In addition, the following measures were also

taken: 1) TWo separate sets of standards of known C and Sb content were

analyzed before and after the unknown analysis. 2) Five separate analy-

ses per site per region were made for each element. This improved count

statistics and helped eliminate obvious errors. 3) A linear relation-

ship was established concerning background and hydrocarbon contamination

errors during analysis. Thus such effects could be eliminated from the

unknown analysis.
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The tests outlined in the experimental procedure to evaluate the

effects of Sb on mechanical properties, were designed to evaluate the

parameters affecting fracture behavior in the heat treated condition.

Bulk composition, test temperature, loading method, and he~t treatment

were held constant while segregation behavior was varied via Sb con-

tent. Segregation behavior will affect fracture behavior which will in

turn define mechanical properties. The changes in monitored parameters

could be compared to known reactions concerning carbide formation, grain

boundary segregation and elemental diffusion, so that a second hypo the-

sis could be postulated concerning the effects of Sb on mechanical prop-

erties. If the parameters identified in the first hypothesis regarding

the effects of Sb on solidification were the same parameters identified

in the second hypothesis regarding the effects of Sb on fracture beha-

vior, then both hypotheses could be tested by altering one variable

~ affecting the common parameters. The variable chosen was heat treatment

(heat treatment "B"). If the results could be substantiated by compar-
---,

ing the identified parameter behavior to known theory, then a conclusion

could be drawn regarding the effects of Sb on both solidification and

..

.

~.

mechanical properties. Anticipating and reducing errors was attempted

before analysis was initiated. CVN impact testing was identified as the

most probable source of errors.

To ensure accurate CVN impact energy results, the CVN impact

testing machine was calibrated to Watertown Arsenal QC standard

impacts. Both calibrated thermometer and external analogic thermocouple

potentiometer were used when the impact cooler's range was exceeded.
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One possible source of scatter and error in CVN data could be due to

notch orientation of the samples. Notch orientation was held constant

during machining for all samples from all groups. See Fig. #111. How-

ever, subsequent macro etching of a v.ertical slice from test bars indi-

cated that the dendritic arm growth direction was perpendicular to the

initial chill (mold) surface. Therefore notch orientation changed with

respect to the dendrite arm growth direction. Since it was assumed that

increasing Sb content would influence segregation behavior and therefore

dendrite arm behavior, CVN impact data was assumed to contain some

inherent error. This error would be a function of test temperature,

making impact energy transition curves prone to error. Therefore the

CVN curve fitting techniques of Oldfield22 were applied to the data.

This technique eliminates the temperature variable and transforms the

data of impact energy vs test temperature into a linear curve of impact

energy vs Z. Hence obvious errors and data scatter caused by notch

orientation effects could be eliminated and the general trends ana-

lyzed. See Appendix #1, Table #A VI for raw data, and equation #2.
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v. CONCLUSIONS

A single heat of cast modified 4720 steel alloy was produced with

varying concentrations of Sb. Test samples were evaluated in the as-

cast and heat treated condition for microstructure, microsegregation,

hardness, fracture behavior, and transition temperature as a function of

Sb content. The following was concluded.

1) Sb was found to be present in all low alloy steel castings pro-

duced with recycled scrap steel, but the chance of receiving

scrap with Sb concentrations deleterious to mechanical properties

is only 15%. The AOD process does not remove Sb from the melt.

Sb concentrations should not exceed 0.005 wt % or brittle frac-

ture will initiate in CVN specimens.

2) The deleterious effects of Sb on mechanical properties appears to

be shaped during solidification by the retardation of the peri-

tectic reaction. An increasing Sb content increases the segrega-

tion ratio of alloying elements in the as-cast condition, causing

specific regions of the as-cast microstructure to change in alloy

element concentrations. Standard normalizing, quenching and

tempering heat treatments are ineffective in reducing the micro-

segregation obtained during solidification.

3) Differences in alloy and impurity element concentrations in spe-

cific regions of the as-cast microstructure alter the coarsening

rate constant controlling carbide size during tempering. As Sb



72

content increasest the carbide size increases in the general heat

treated microstructure, increasing hardness values and the pro-

pensity for cleavage fracture. Where alloy concentrations are

high, Sb concentration at the grain boundaries increases leading

to intergranular fracture and a decrease in carbide size.

4) It is the increasing propensity of both cleavage and inter-

granular fracture modes as Sb content increases, that leads to

decreased CVN energy values and a corresponding increase in

transition temperature.
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VI. FURTHERWORK

From this particular study, there appears to be a need to inves-

°tigate the following areas of research.

1) Possible phase changes in proeutectoid ferrite occurring at prior

austenite grain boundaries as Sb content increases. This could

be performed with differential thermal analysis.

2) Alleged carbide precipitation behavior in proeutectoid ferrite as

Sb content increases. This could be performed with an analytical

STEM.

3) Crystallographic orientation vs composition in proeutectoid fer-

rite in the as-cast condition. This could be performed via an

analytical STEM or possibly Auger with LEED.

4) Thermocouple analysis of cooling rate changes VB Sb content to

measure temperature gradient to growth rate (G/R) ratios.

5) Carbide behavior in the dendrite arm and interdendritic arm

i

I

region vs Sb content. This could be performed via STEM analysis.

6) The composition of intergranular fracture sites as Sb content

increases. This could be performed with Auger+SIMS analysis.

7) Carbide behavior in intergranular fracture site regions. This

could be performed with Auger+SIMS analyses if a sample prepara-

tion procedure could be developed.
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TABLES
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TABLE III

TARGET COMPOSITION FOR MODIFIED 4720 ALLOY

Element Taret Composition (wt %)

C 0.20

Mn 1.00

Si 0.50

Cr 1.00

Ni 0.90

Mo 0.35
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TABLE /III

ACTUAL CHEMICAL COMPOSITIONS OF SAMPLES BY SPECTROGRAPHIC ANALYSIS
(Values in wt %)

C 0.213

Mn 0.800

S1 0.492

Cr 0.956

Ni o.923

Mo 0.333

Cu 0.183

S 0.015

p 0.022

Al 0.040

T1 ?<0.001

Zr 0.01l

Co 0.015

Cb ?<0.001

V 0.008

W 0.011

B 0.0004

Pb ?<0.001

Sn 0.009



* = test bars chosen for subsequent heat treatment and testing.

[
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I TABLE I/III

!
ACTUAL WEIGHT % Sb

BY GRAPHITE FURNACE ATOMIC ABSORPTION ANALYSIS
¥
i

,

1) Group I

Test Bar A 0.0020
B 0.0028 *
C 0.0030 *
D 0.0037 *

2) Group II.

Tes t Bar A 0.0050
B 0.0059 *
C 0.0065 *
D 0.0062 *

"
3) Group III

Test Bar A 0.0120 *
B 0.0120 *
C 0.0130 *
D 0.0130

4) Group IV

Test Bar A 0.016 *
B 0.018
C 0.016 *
D 0.016 *

5) Group V Discarded

Values from 0.010 to 0.0088
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TABLE IfIV

SUMMARY OF HEAT TREATMENTS

Group Number

Heat Treatment I II III IV

A

1 1/2 hr 1800F AC
1 1/2 hr 1700F WQ X X X X
1 1/2 hr 1125F WQ

BX
15 hr 1800 F AC

1 1/2 hr 1700F WQ X X

1 1/2 hr 1125F WQ

BY

1 1/2 hr 1800F AC

1 1/2 hr 1700F WQ X X
15 hr 1125F WQ

C

1 1/2 hr 1800F AC
1 1/2 hr 1700F WQ X X
1 1/2 hr 1125F WQ

1 hr 1700F WQ



TABLE f/V

LOW ALLOY Sb MONITORING

AA Analysis of Low Alloy Samples for Sb Content
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Heat Number Process Wt % Sb

1 ADD 0.0022.
2 ADD 0.0016
3 NON-ADD 0.0022
4 NON-ADD 0.00056
5 ADD 0.0016
6 ADD 0.0016
7 NON-ADD 0.0015
8 NON-ADD 0.0014
9 NON-ADD 0.0014
10 NON-ADD 0.0034
11 ADD 0.001
12 ADD 0.0025
13 ADD 0.0023
14 NON-ADD 0.0018
15 NON-ADD 0.0019
16 NON-AOD 0.0023
17 ADD 0.0017
18 AOD 0.0021
19 AOD 0.0031
20 AOD 0.0058
21 ADD 0.0037
22 NON-ADD 0.0046
23 NON-ADD 0.0034

Range: 0.00056-0.0058 Wt %

Mean: 0.00233 Wt %

Std Dev: + 0.00120

ADD 0.00363 + 0.00409

Non-ADD 0.00222 + 0.00115



TABLE IVI

MEASURED ASTM GRAIN SIZE
AS CAST CONDITION

TABLE ItvII

CALCULATED FREEZING RATE FROM

MEASURED SECONDARY DENDRITE ARM SPACING

AS-CAST CONDITION

*This represents an arm spacing of 200 ~m.
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Group Number Calculated Grain Size

I M 7.0

II M 8.0

III M 8.0

IV M 7.5

*Freezing Rate
Group Number (of/Min)

I 61

II 61

III 61

IV 61
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TABLE nVIII

WDX ANALYSIS OF GROUP I SAMPLES

for C AND Sb CONTENT

IN SELECTED REGIONS

AS-CAST CONDITION

Region of Interest C Content in Wt % I Sb Content in Wt % 1

Stained Ferrite 0.290 0.0061

(SF)

Un-Stained Ferrite 0.280 0.0045
(USF)

Dendrite Arm 0.360 0.0061

(DA)
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TABLE IX

C AND Sb CONCENTRATIONS FOUND BY MICROPROBE ANALYSIS

(all values in wt %)
As-Cast Condition

A. Group I

Region C Sb

Stained ferrite (SF) 0.287 + 0.046 o

0.0013 + 3.6 x 10-6

0.0048 + 8.8 x 10-5

Unstained ferrite (USF) 0.074 + 0.007

Dendrite Arm Region (DA) 0.333 + 0.0442

Interdendritic Arm

Region (IDA) 0.226 + 0.012 0.0083 + 1.6 x 10-4

B. GrouE. IV

Re,g,ion C Sb

Stained ferrite (SF) 0.368 + 0.0982 0.0018 + 1.83 x 10-5

Unstained ferrite (USF) 0.230 + 0.046 0.0195 + 1.08 x 10-3

Random ferrite (RF) 0.262 + 0.044 0.0211 + 1.18 x 10-3

Dendrite Arm Region (DA) 0.174 + 0.035 0.0063 + 1.67 x 10-4

Interdendritic Arm

Region (IDA) 0.183 + 0.021 0.0264 + 3.26 x 10-3



Mean
S.D.
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TABLE /1X

BRINELL HARDNESS OF SAMPLES FROM
HEAT TREATMENT"B"

257.9

3.60

237.25
3.10

236.7
5.62

257.8
9.44

Group I Group IV

X Y X Y- - -

255 229 262 235
255 229 269 235
262 248 269 235
262 241 269 241
255 235 248 235
255 241 248 235
255 235 255 241
255 235 262 241
262 235 248
262 235 248
255 241
262



TABLE flXI

COMPOSITIONS OF INTERGRANULAR FRACTURE SITES VIA EDX ANALYSIS

00'-I

Group Std
Number Element Values in Wt % Mean Deviation

Si 2.90 ---- ---- 1.62 2.95 2.49 + 0.753
I Cr 0.98 0.92 0.89 1.07 1.21 1.014 + 0.129

Ni 0.95 0.84 0.85 ---- 0.85 0.872 + 0.051
Mo 1.42 1.37 1.30 0.84 0.35 1.056 + 0.457

Group Std
Number Element Values in Wt % Mean Deviation

Si 0.64 1.10 0.82 2.12 1.13 2.68 1.93 1.65 1.50 + 0.705
II Cr 1.45 1.45 1.40 1.10 1.21 1.28 0.91 1.30 1.262 0.186

N1 0.93 0.93 1.21 1.06 1.08 1.16 0.92 1.08 1.046 + 0.110

Mo 0.27 0.38 0.39 1.14 0.33 1.28 0.62 0.80 0.651 + 0.386

Group Std
Number Element Values in Wt % Mean Deviation

S1 1.24 1.87 0.89 1.88 2.58 2.45 2.53 1.52 1.87 + 0.627
III Cr 1.36 1.13 1.51 1.13 1.00 1.09 1.39 1.11 1.215 + 0.179

Ni 0.86 1.09 ---- 0.97 0.86 1.01 1.13 0.88 0.972 +0.111
Mo 0.70 0.92 ---- 0.78 1.23 1.16 1.40 0.48 0.952 + 0.326

Group Std.
Number Element Values in Wt % Mean Number

Si 1.85 1.01 1.60 1.35 2.38 1.63 + 0.518
IV Cr 1.35 1.55 1.29 0.94 1.27 1.28 + 0.220

Ni 1.14 0.88 1.10 0.74 1.10 0.99 + 0.177
Mo 1.39 2.08 0.59 0.40 ---- lollS + 0.773
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TABLE {fXli

M AND C CHANGES VS CARBIDE SIZE AS A FUNCTION OF INCREASING

Sb CONTENT IN THE AS-CAST CONDITION

00
00

* Sb, Mo, Ni increased - Ni. Cr decreased.

Carbide
M & C K* Size

Region Changes Changes Changes Remarks

S.F. Constant Constant Constant 1) Hardness constant

2) Ferrite softer than bainitic matrix, therefore
softer than D.A. + l.D.A. regions.

U.S.F. C 1) Increased hardenability
M * 2) Possible hardness increase due to an increasing

number of small carbides. due to an increasing

Ae3 trans. temp.

R.F. --- --- The composition and hardness of the R.F. was the
the same as the U.S.F. regions at high Sb content.
Therefore. the same conditions are assumed to exist.

I.D.A. C The hardness increased due to increased carbide
M size and an increasing propensity for carbiae

formation due to increased matrix element contents,

hence hardenability.

D.A. C 1) Initial hardness increase due to increase in
carbide size.

2) Subsequent hardness values due to the interplay
of C and M.

3) Softer than I.D.A. regions because of less M

elements, thus less carbide forming potential.
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SECTION IX

FIGURES
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L 88 .I 3/48 radius

A-Steel sticker with identification
a-Riser. not used for test material

C-Reglon where test apecimens
were removed

Cast surface

,

~~-----
Vertical slab for macroetching

FIGURE ", 1
Etched surface

Test bar configuration and macro etch. sample removal' \D
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Cast
surface

C.ast surface

FIGURE #2

...

Vertical slab removed from test

bar for macroetching
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Metallographic sample used

for analysis

1-
1/4"

r-

All analyals performed
In columnar dendritic zone. (.f.)

. Metallographlc sample removal from vertical slab taken from test bar

\D-



Portion 'C' from test bar

r--v-l 1"1 1"1

--

1"1 1"1 1"1

Charpy vee-notch (CVN) configuration showing notch orientation

FIGURE #3 Sectioning test material for subsequent heat treatment and machining
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Sampie IA

h Cast

Fig.#5 Etched vertical slab . Vilella"s

Fig.#6 Group 1-A. Etched as cast vertical slab
Vilella"s 4X
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Sample IA

~s Cast

lon~ i 611

Fig.#7

, HI ,0[[.
SteadsEtched vertical slab

Fig.#8 Group 1-A. Etched as cast vertical slab.

Steads 4X
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Fig.#9 As cast metallographic sample. group III-A.

Note dendrite arm orientation. Steads 3.5X

SampleIA

As Cut

Fig.# 1a Etched vertical slab.

a.ax
Aqua regia
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Fig.#-11 Group 1-A. Etched as cast vertical slab.

Aqua Regia o.ax.

Fig.#-12 Group I-D. Bainitic matrix with pro-eutectoid

ferrite at grain boundries. Vilella.s SOX
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Group 41=1

Group 41=3
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Group 41=2

Group 41=4

Fig.4I=13 Increasing proeutectoid ferrite at prior austenite grain

boundaries with increasing Sb content. Vilella's 100X
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Group-#: 1 Group-#:2

Group-#:3 Group-#:4
Fig.-#: 14 Increasing proeutectoid ferrite at grain boundaries with

increasing Sb content. Vilella.s 50 OX



n n _n n. ......

100

Fig.-#: 15 Note random ferrite (R.FJ in lower right hand

corner, in color Group IV-B. Steads 50X

Fig.-#: 16 Group IV. Note R.F. at arrow, in color.

Steads 100X
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Group I

Group IV 500X

Fig.-# 17 Differences in ferrite staining behavior with Vilella"s reagent.
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r

Fig.#" 18 Note areas A, B. and C.
Vilella's

Group IV

76X

Fig.#" 19 Same location as Fig.#" 18

Compare dendrite arm locations to dark regions in Fig.#" 18

Steads 76X
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Group I

~,qPe-",
/.1".(.' )(.,

Steads 2SX

Fig.:#: 2 0 Group II Dendritic solidification pattern.

Note'relationship between ferrite and dendrite arm locations.

Steads SOX

103
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Fig.# 21 Group IV-C, GB#3. Example of

Steads 225X

Fig.#22 Group IV-C, GB#3. Exampl~ of U.S.F..

Steads 225X
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Group # II

Group #111 Group #IV,
Fig.#23 Increasing ferrite/bainite interface etching characterics with

increasing Sb content. 500X Steads
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As cast mlcrohardness variations of selected microstructural regions VS Sb content
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-.-------

Fig.# 2 5 Si line scan. No apparent change in alloy

element content across pro-eutectoid ferrite: Gtoup I-D,G8#2.
Vilellas

Fig.#26 Cr line scan. No apparent change in alloy

element content across bainite/ferrite interface.

Poor signal to noise ratio. Group I-D. GB# 1. Vilella's

107



- -.--.--...

Fig.#27 Unetched Cr line scan. No apparent change in
alloy element content across bainite/ferrite interface.

Improved signal to noise ratio ~rl"\lIn III-A. GB#3.

Fig.#28 Cu line scan.

Quasi-sinusoidal Cu distribution Vs

Steads

;lq~i7(~'JP:;.'}y:~:g~

$O'rrii
Ii ..I!' ,LJ

Group II

D.A. and I.D.A. regions

108
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Fig.#29

Group IV-C. G8#2.

Cu line scan across U.S.F. region.
Steads 1000X

Fig.#30 Cu line scan across

Group IV-C, G8# 1. Steads 2000X



Group I

M___

110

Group II

Group III Group IV

Fig.#31 Cu line scans across ferrite/bainite interfaces. Note increasin~

Cu deposition on bainitic side of interface with increasing

Sb content. Steads 10,OOOX
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FIGURE #31 Compositional variation of stall1,d ferrite (SF)
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FIGURE #35 WDX analysis for C in selected regions
10Kv 25NA

.
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Note difference in peak height ratio between ferritic regions and DA/IDA regions.



FIGURE #38 WDX analysis for Sb in selected regions.
20Kv 30NA
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Sb peak location
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84/11pl8 1A.

fully Beat Treated

Fig.#41 Etched ve"rtical slab.

Vilella's

0.9X

Fig.#42 Etched fully heat treated vertical slab.

Group I-A. Vilella's 4X
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SamFls IA

frilly Heat Treated

Fig.#43 Etched vertical slab.

Steads
O.85X

Fig.#44 Etched fully heat treated vertical slab.

Group 1-A. Steads 4X
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Fig.#45 Etched vertical slab.

Aqua regia

O.9X

Fig.#46 Etched fully heat treated vertical slab.

Group I-A. Aqua regia 4X



Group #1

123

Group #11

Group #111 Group #IV

Figure #47 Tempered martensitic microstructure after heat

treatment "A" 500X Vilella's
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Fig.#48 Group 1-8 Heat treated to condition ·A".
Vilella's SOX

,/fro
"""t

Fig.#49 Group 1-8 Same location and heat treatment as Fig.#48.

DA (dark etching) and IDA (light etching) regions. Steads SOX
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Fig.#50 Group IV-A Heat treat.ed to condition "A8.

Vilella.s 40X

Fig.#51 Group IV-A Same location and heat treatment

as Fig.#50. DA (dark etching) and IDA (light etching) regions.

Steads 40X



Fi9 .-# 5 2
/ }~'!'80,*:"'" 2.

.00 fLrr'iII.,.~- .~.\<8IW.....

Group 1-0, 6. Steads/Vilella's 50X

Fig.-# 5 3 Note visible grain boundries in I.D.A. regions.

Group 1-0, 6. Steads/Vilella's 150X
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Fig.#54 Group III-A, 1.

.".

Vilella's

,...

50,umII

Same region as Fig.#54 Note increasedFig.#55

grain boundary visibility in IDA regions Group III-A, 1.
Steads 200X

127



Fig.#56 Higher

Group III-A, 1.

2Ojl m
!.. I

magnification of area A from Fig.#54

Vilella's 500X

Fig.#57

Group III-A, 1.

Cr line scan across grain boundry at area A.
unetched 5000X

128
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160X

520X Area B

-..-.-.--..----.....---.--.---.---..--.------

129

520X Area A

15,OOOX

Area A viewed with the SEM

Fig.#58 Group I, heat treatment 'C..

Martensitic microstructure.



160X

130

52 OX Area A

520X Area B 15,OOOX
Area B viewed with the SEM.

Group IV, heat treatment .C.. Compare to Fig.-#58
appearent change in martensitic microstructure.

Fig.-#59

No
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Fig.#60 Group I-D. 6-A. 212F

Fig.#61 Group I-D. 6-8. 212F
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Fig.#62 Group I-C. 7-C. Room

Fig.#63 Group I-C, 7-B. Room.
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'Fig.#64 Group I-B, 8-0. -40F

Fig.#65 Group I-B, 8-A, a. -40F
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Fig.#66 Group 1-[ ?--D. -140F 50 OX

Fig.#67 Group I-B, 2-C. -140F
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Fig.#-68 Group 11-0, 7-8. 212F

Fig.#- 6 9 Group 11-0, 7-C. 212F
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Fig.#"70 Group II-B, 7-B. -40F

Fig.#" 71 Group II-B, 7-A. -40F
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Fig.#72 Group II-C, 7-8. Room

Fig.#73 Group II-C, 7-C. Room
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Fig.#74 Group II-B, 1-0. -140F

Fig.#75 Group II-B, 1-A. -140F
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Fig.# 7 6 Group III-C, 5-A. 212F

Fig.#77 Group III-C, 2-A. 212F
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Fig.#78 Group 111-8, 6-A. Room

Fig.#79 Group III-B. 6-A. Room 1000X
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Fig.#80 Group III-A, 7-0, b. -40F

Fig.#81 Group III-A, 7-8, b. -40F
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Fig.#82 Group III-A. 1-A. -140F 200X

Fi9.#83 Group III-A. 1-aa. -140F
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Fig.#"84 Group IV-C, 2-F. 212F 100X

Fig.#" 8 5 Group IV-C. 2-F. A-a. 212F 500X
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Fig.#86 Group IV-D, 4-A, A-aa. Room 500X

Fig.#87 Group IV-D, 4-C, C-c. Room 2000X
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Fig.#88 Group IV-C, 2-8, A. -40F 2000X

Fig.#89 Group IV-C. 2-C, a. -40F
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Fig.#90 Group IV-A. 2-8. A. -140F

Fig.#91. Group IV-A. 2-A. 8. -140F
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Group'

-..------------.-.-----
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Group II

Group '" Group IV

Fig.#92 Increasing .step fracture8 mode with increasing Sb conte
SOX -40F
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50'm
___ I fL I

Fig.#93 .Step fracture. mode with intergranular

fracture site. at A. Group III, -40F. 200X

Fig.#94 .Step fracture. mode with large

shear steps and intergranular fracture site at A.

Group IV, -40F. 200X
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Viiell a 's 40X

Group I, -40F.

Fig.#95 Cu deposit along fracture surface prevented

correlation of fracture mode VS solidification pattern.



Fig.#96 Group I

150

-40F
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Fig.#98 Group II-B, 1-A. -40F

Fig.#99 Group II-B, 1-B. -40F
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Fig.#- 102 Note ductile dimple zones

at regions .A., cleavage zone at .B., with intergranular sites at .C..

Group III-C, 2-A. -40F 100X

Fig.#- 103 Intergranular site at .C..

Group III-C, 2-A. -40F 500X
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Fig.#" 105 Cleavage to ductile dimple transition.

Group 111-2,B-b. -40F 500X
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. Fig.#- 107

in cleavage to
Group IV-2, C.

20p.m
L J

Example of etch rate change

intergranular fracture transition.
-40F 500X

Fig.#- 108

in cleavage' to

Group IV-2, E.

Example of etch rate change

intergranular fracture transition.
-40F 50 OX
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Fig.# 109 Group IV-D, 4-8. -40F

Fig.# 11 0 Note areas 8A8 and "B..

Group IV-D, 4-8. -40F
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Fig.#' 111 Intergranular fracture site 8A..

Group IV-D, 4-B. A. -40F 2000X

Fig.#' 112 Cleavage fracture site "B..

Group IV-D; 4-8. B. -40F 2000X
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1.16}im1 . I

Fig.-#: 113 Intergranular fracture site "A-a.. 8600X

Compare to Fig.-#: 114 Group IV-D, 4-8, A-a. -40F

Fig.-#:114 Cleavage fracture site "S-e..
Note difference in carbide size and etch rate characterics

between the two regions. Group IV-D. 4-B. B-e. -40F
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Fig.# 115
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Group IV-D. 4-A. -40F

Fig.#116

Group IV-D. 4-A. -40F
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Fig.#- 119 Random intergranular fracture at region ·A..
Group IV-D,4-8. -40F 100X

Fig.#- 120 Region "A". Random intergranular fracture.

Group IV-D, 4-8, A. -40F 500X
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Fig. 122.

Hypothetical Ternary Diagram with the Location of Fe-X Isopleth

Fe

Alloy
and Impuri ty

Elements

x c
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Assume Ternary Characteristics for this Multi-Component System

Fig. #123. Fe-X Isopleth shown in Fig. #122. Arrows indicate the

composition of the Liquid as Non-Equilibrium Solidification Progresses

Co
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SECTION /IX

APPENDIX #1

RAW DATA AND SAMPLE CALCULATIONS
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TABLE //AI

RAW DATA

Sb CONCENTRATIONOF ADD AND NON-ADD
PROCESSEDLOWALLOYS AS A FUNCTION OF TIME

"
Week Week Week Week Week Week

//1 iI2 //3 #4 115 116

Concentration .001 .0021 .0058 .0022 .0016 .002
.0025 .0031 .0037 .0016 .0017 .00176
.0023 .0017 .0016 .00152

S!

Mean .00193 .0023 .00475 .0019 .001633 .00176
Std. Deviation .0008 .000721 .00148 .00042 .000057 .00024
+ 1 .00274 .00302 .00623 .00232 .00169 .002
- 1 .00111 .00157 .00326 .00147 .00157 .00152

Concentration .0034 .0018 .0046 .0022 .0024 .00185
.0014 .0019 .0034 .00056 .0015 .00081
.0014 .0023 .00180

fz
0z

Mean .00206 .0020 .0040 .00138 .00195 .00148
Std. Deviation .00115 .000264 .00084 .00115 .00063 .000586
+ 1 .00322 .00226 .00484 .00253 .00258 .00207- 1 .00091 .00173 .00315 .00022 .00131 .00090
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TABLE IAII

RAW DATA

COMPOSITIONAL VARIATIONS OF ELEMENTS IN STAINED
AND UNSTAINED FERRITE

(Concentrations in Wt %)

SF USF

Group II S1 Cr N1 Mo Si Cr Ni Mo

0.52 0.89 0.82 0.15 0.58 0.98 0.94 0.11
I 0.51 0.89 0.83 0.13 0.54 0.96 0.97 0.06

0.95 0.90 0.86 0.30 0.82 0.92 0.87 0.08
0.58 0.92 0.78 0.12 0.51 0.94 0.84 0.10

Mean .64 0.90 0.822 0.175 0.612 0.95 0.930 0.087
SD .208 0.141 0.0033 0.084 0.141 0.258 0.061 0.022

0.76 0.87 0.81 0.18 0.68 0.94 0.96 0.15
0.74 0.84 0.76 0.23 0.77 0.93 0.95 0.19

II 0.67 0.94 0.93 0.18 0.46 0.90 0.74 0.06
0.70 0.94 0.86 0.19 0.51 0.92 0.82 0.10
0.73 0.95 0.92 0.09 0.43 0.91 0.92 0.11

Mean 0.72 0.908 0.856 0.174 0.57 0.92 0.88 0.122
SS 0.035 0.049 o.072 0.051 0.147 0.015 0.096 0.049
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TABLE HAIl (cont'd)

SF USF

GroupII Si Cr Ni Mo Si Cr Ni Mo

0.68 0.91 0.81 0.24 0.54 0.91 0.68 0.14
0.73 0.87 0.91 0.22 0.57 0.88 0.76 0.18

III 0.57 0.93 0.74 0.15 0.66 0.90 0.74 ----

0.59 0.87 0.83 0.07 0.58 0.97 0.82 ----

0.57 0.96 0.80 ---- 0.70 0.89 0.86 ----

Mean 0.628 0.908 0.818 0.17 0.61 0.91 0.772 0.16
SD 0.0729 0.038 0.061 o.077 0.067 0.035 0.070 0.028

0.72 0.87 0.83 0.43 0.73 0.89 0.88 0.12
0.79 0.88 0.66 0.11 0.69 0.85 0.92 0.10
0.85 0.94 0.97 0.53 0.80 0.85 0.71 0.23

IV 0.66 0.91 0.75 0.33 0.82 0.86 0.75 0.15
0.80 0.86 0.71 0.12 0.82 0.82 0.74 0.20
0.63 0.81 0.83 0.27 0.64 0.85 0.80 0.12
0.75 0.84 0.89 0.31 0.65 0.84 0.79 0.28
0.70 0.89 0.77 0.22 0.72 0.86 0.78 0.24
0.48 0.85 0.76 0.15 0.73 0.81 0.80 0.16
1.00 0.90 0.84 0.13 0.59 0.84 0.73 0.14
0.91 0.85 0.73 0.23 0.88 0.88 0.73 ----
0.89 0.92 0.88 ---- 0.70 0.89 0.75 ----
0.98 0.87 0.87 ---- ---- ---- ---- ----

Mean 0.781 0.876 0.806 0.257 0.717 0.854 0.781 0.174
SD 0.147 0.035 0.085 0.135 0.074 0.025 0.063 0.060
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TABLE IIAI II

RAW DATA

COOLING RATE CALCULATIONS

d = (GR)-n
b

(equation #1)

GR = average cooling rate during solidification (in °C/min.)

1) b was estimated from Flemings work 18 with commercial steels

containing 0.1 - 0.9 wt % C

2) N was assumed to be 0.33.

From Flemings: d GR b=--L
GR-N

where: N = 1/3 - 1/2 for secondary dendrite spacings

= 1/2 for primary dendrite spacings

d = dendrite arm spacing (in m)

b = material constant

70 ILm 5000 C/min 451
200 ILm 20° C/min 491

400 ILm 3° C/min 574

b assumed to be 500.



175

a) Calculated freezing temperature based on composition (provided by
ESCO Corp.: 2748°F).

b) Superheat: 150°F (pouring temperature of 2900°F).

c) Cooling time from pouring test bars to final solidification:
2.5 min.

Estimated cooling rate:

2900°F - 2748°F
2.5 min = 60.8 of/min.

GR = N

where b = 500

n = 0.33

Group Average GR
Number d (in /-Lm) Average Cooling Rate (in °F/min)

I 200 61 (16° C/min)

II 200 61 (16 ° C/min)

III 200 61 (16 ° C/min)

IV 200 61 (16° C/min)
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TABLE IIAIV

RAW DATA

MICROHARDNESS VARIATIONS OF SELECTED

REGIONS VS Sb CONTENT

Knoop Hardness (5q gm load)

Region
Sb

Concentration SF USF RR DA IDA

0.003 Wt i. 175 195 205 325
185 227 235 350
213 232 245 360

363

Mean 190.3 218 228.3 349.5
SD + 20.52 + 20.07 + 20.8 + 17.25- -

0.007 Wt i. 132 185 275 340
153 205 280 403
163 220 283 405
177 252 285 425
195 264 447

Mean 164 225.2 280.75 404.0
SD + 23.85 + 32.69 + 4.34 + 39.96-
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TABLE HAlV (continued)

Region
Sb

Concentration SF USF RF DA IDA

0.012 Wt % 185 244 285 365
203 255 290 370
220 270 295 385
225 275 320 420

327 435
440
465

Mean 208.25 261.0 303.4 411.4
SD + 18.3 + 14.16 + 18.84 + 38.48- -

0.016 Wt % 158 235 237 270 383
165 243 244 275 395
177 245 247 280 415
187 257 250 283 425
190 275 273 290 435
195 467
201
209

Mean 185.25 251 250.2 279.6 420
SD + 17.53 + 15.55 + 13 .62 + 7.63 + 29.92-
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TABLE IIAV

THE SEGREGATION INDEX OF VARIOUS

ELEMENTS VS Sb CONTENT

(Concentration values in Wt %)

Mean Segregation Ratio = IDA-DA
(equation 115)

Mean Bulk Composition

Mean Concentration

Group II Element DA IDA Mean Segregation Ratio

Si 0.646 0.74 0.191
I Cr 0.866 0.956 0.094

N1 0.793 0.893 o.108
Mo 0.100 0.150 0.333

S1 0.576 0.736 0.325
II Cr 0.900 1.066 0.173

Ni 0.766 1.010 0.263
Mo 0.120 0.263 0.430

S1 0.623 0.816 0.392
III Cr 0.900 1.156 0.268

Ni 0.790 1.023 0.252
Mo 0.290 0.393 0.310

Si 0.810 1.003 0.392
IV Cr 0.830 1.013 0.191

N1 0.720 1.026 0.331
Mo 0.246 0.370 0.372



TABLEIIAVI

RAW DATA

CVN IMPACT ENERGY CALCULATIONS

T = Test Temp.

To = -37.5
C = 74.5

T = Test Temp.

To = -40.0
C = 105

T = Test Temp.

To = -20
C = 90

T = Test Temp.

T = -44o
C = 81

Z = tank [T ~ To]

(equation 2)

......

.......
\0

Test Group ill Group in Group if3 Group if4
Temp.
of ft-lb Ave Z ft-lb Ave Z ft-lb Ave Z ft-lb Ave Z

-140 6,9 7.5 -0 .88 5,5 5 -0.74 9,12 10.5 -0.87 8,12 10 -0.82
-100 10,12 11 -0.68 12,13 12.5 -0.51 12,13 12.5 -0.71 14,14 14 -0.59
- 60 18,21 19.5 -0.29 25,24 27 -0.18 21,22 21.5 -0.41 25,26 25.5 -0.19
- 40 34 , 44 39 -0.03 35,44 39.5 0 26,29 27.5 -0.21 28,34 31 0.04
- 20 32,45 38.5 0.23 41,42 41.5 0.188 32,39 35.5 0 35,39 37 0.28

20 45,47 46 0.64 43,47 45 0.51 58,59 58.5 0.41 44 ,47 45.5 0.65
60 59,62 60.5 0.86 52,59 55.5 0.74 53 ,53 53 0.71 52,53 52.5 0.85

100 51,58 54.5 0.95 53 , 54 53.5 0.87 52,54 53 0.87 48, 54 51 0.94
140 60,61 60.5 0.98 58,60 59 0.93 56 , 58 57 0.94 48,51 49.5 0.97
180 57,61 59 0.99 55,58 56.5 0.97 58,61 59.5 0.97 50,52 51 0.99
212 58,59 58.5 0.99 52 , 54 53 0.98 56,57 56.5 0.98 47,50 48.5 0.99
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TABLE #AVII

RAW DATA

EFFECTS OF VARIOUS HEAT TREATMENTS
ON CVN IMPACT PROPERTIES VS Sb CONTENT

(Impact Energy Values in Ft-Lbs)

Heat Treatment

Group It A Bx By

34 44 37
44 45 41

I 41 43
45 42
45 43
40 49

Mean 39.0 43.33 40.83
SD 7.07 2.25 2.40

28 42 40
34 40 45

40 36
IV 45 47

46
Mean 31 42.6 42.0
SD 4.24 2.79 4.96
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TABLE DAVIIl

RAW DATA

BRlNELL HARDNESS DATA VS Sb
CONTENT; FULLY HEAT TREATED CONDITION

Group II Brinell Hardness (3000 Kg load) Mean Std Deviation

I 278, 278, 278, 278 278 0

II 293, 293, 293, 293 293 0

III 277, 293, 293, 285 287 7.65

III 285, 285, 302, 293 291.25 8.09
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SECTION XI

APPENDIX II

MECHANISMS CONTROLLING CARBIDE SIZE
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MECHANISMS CONTROLLING CARBIDE SIZE

Diffusion controlled particle coarsening is a function of the

following parameters:

1) The change in free energy due to a decrease in precipitate

matrix interfacial area is the driving force of the

coarsening process.

2) The cube root of the aging time is directly proportional

to carbide size.

3) The diffusion of solute atoms in the matrix is directly

proportional to the activation energy of coarsening.

The size of a particle with time for diffusion controlled coarsening

can be expressed as:

(equation ff3A)

where: r is the mean radius of a particle at any point in

time.

ro is the mean radius of a particle at the beginning

of coarsening.

~ is the interfacial free energy of the ferritic

matrix.

Ce is the concentration of solute atoms in

equilibrium with a particle of infinite radius.



184

The above equation can be rearranged to:

(equation 113B)

where Deff is the effective diffusion coefficient

(equation #3C)

Vm is the molar volume of cementite

T is the absolute temperature

K* is the coarsening rate constant

t is time

where CFe is the concentration of iron in ferrite.

VFE is the atomic volume of iron in ferrite.

Cc is the concentration of carbon in ferrite.

Vc is the difference in volume between one molecule

of Fe3C and three atoms of iron in ferrite.

DFe is the self diffusion coefficient of iron

in exiron.
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Combining the two equations gives:

(equation '3D)

Impurity concentrations influence the diffusion coefficient. Sb has

been noted to decrease the diffusion coefficient in exiron .25 From

the above equation it can be seen that among other variables, the C

content in the ferrite and the diffusion coefficient control carbide

size.



----- .. - --~-- --. .. . .

186

XII VITAE
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