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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the Depart-
ment of Energy, nor any of their employees, nor any of their con-
tractors, subcontractors, or their employees, makes any warranty,
express or implied, or assumes any legal liability or responsibility for
the accuracy, completeness or usefulness of any information, appa-
ratus, product or process disclosed, or represents that its use would
not infringe privately owned rights.
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FOREWORD

This report describes the progress made during the period January 1
through September 30, 1977 on the project "Wear Resistant Alloys for Coal
Handling Equipment". The project was administered by the Division of Materials
and Exploratory Research of ERDA (now the Department of Energy) with Dr.
Thomas Cox as the Contract Monitor and Mr. Water Bakker as the Contract Manager.
This report was prepared by Dr. M. S. Bhat, Project Leader for the program at
the Lawrence Berkeley Laboratory, University of California, Berkeley, California.
The research was performed under the direction of Professors Victor F.
Zackay and Earl R. Parker of the Materials Science and Minera? Engineering
Department of the University of California, Berkeley. The program was initially
managed by Dr. M. Dilip Bhandarkar (during the first two months) and since then
by Dr. M. S. Bhat. The sub-contract for designing and building the dry abrasive
and slurry erosion tester was directed by Mr. Alan V. Levy of the Lawrence
Berkeley Laboratory, and Dr. S. Jahanmir of the Mechanical Engineering Depart-
ment, University of California, Berkeley. The details of the work performed
on the slurry erosion tester will be presented in a separate %eport by Mr.
Alan V. Levy. Other research personnel of the Lawrence Berkeley Laboratory
who were involved were the foiiowing:
Graduate Students: R. Garriga
W. Garrison
H. Hirano
N. Kar
T. Lechtenberg

Research Helpers S. Bandel

M. Carlson
D. Leong

G. Lesh
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ABSTRACT

The in-service operating conditions of coal transport and frag-
mentation equipment involve various combinations of dry or Tiquid
slurry abrasion, impact loading, and temperatures that may vary from ambient
to elevated (500 °F - 1000 OF). Both 2-body and 3-body abrasive wear can be
encountered. The published literature contains little information on testing
materials under the various abrasive conditions that are of concern, especi-
ally 3-body wear. However, a humber of tests were identified which may
serve to provide wear data under different service conditions. A dry abrasive
wear tester, to be used for screening alloys, was constructed. A review of
the alloy steel literature was completed and was used to select Tow-alloy
and secondary hardening steel compositions for screening. Initial screening
criteria included the stipulation of a hardness of RCSS with an impact tough-
ness of around 15 ft Ibs or a fracture toughness of 80 KSIVin., depending on
the application being considered. Several of the steels that were evaluated
to date appeared to meet these criteria. A systematic development of secondary
hardening steels has been evolved and it has been shown that good combinations
of strength and toughness were achieved through proper composition and micro-
structural control. These higher alloyed steels appear to be suited for long~
term, elevated-temperature service. The lower alloy Cr-Ni-Mo and Cr-Si-Mo
steels investigated also exhibited good combinations of strength and toughness

and may be suitable for ambient temperature use.
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1. OBJECTIVE AND SCOPE

The goal of the program is to develop wear vresistant alloys for coal
transportation and fragmentation equipment. The program will utilize the
advancements in low alloy steel technology of high strengh (hardness), high
toughness alloys to develop wrought and cast steels that will meet targets for
improved performance of coal transportation and fragmentation equipment. A
three-year program will be conducted involving the fo1iowing three tasks:

Task I - Establish alloy design criteria through studies of the
relationships between mechanisms and alloy microstructure for the principal
wear components of coal handling and processing . equipment. Develop
evaluation tests that will simulate, in the laboratory, the service operation
of the components.

Task IT - Develop steels with increased hardness and sufficient
toughness that will have acceptable costs in mill/foundry production, and
characterize their microstructure, mechanical properties, and wear resistance.

| Task IIT - Produce and evaluate experimental quantities of com-
ponents from the developed alloys through laboratory and in-service tests.

A basic study of wear mechanisms will be conducted concurrently
and will contribute to Task I of the present program.

Four component areas are within the scope of the program. These
are: (1) feeder components for reaction vessels (coal feeders), (2) coal
moving equipment such as chutes and coal Toader shovels, (3) coal crushing
and mitling equipment, and (4) mining equipment such as drag line bucket
points and continuous miner picks. (Materials useful for bucket points and
miner picks may evolve from research on alloys for the first three items, but
item 4 s considered to be of incidental, rather than p%imarygconcern in the

project.)
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The program scope and alloy design criteria for each of the com-
ponent areas mentioned above will vary according to the known and expected
in-service operating conditions of the components. Dry coal feeder compon-
ents such as the screw, containment vessel, and nozzle are expected to
experience in-service operation at both room and elevated (500 °F = 1000 OF)
temperatures. Therefore, the alloy design criteria would consider these in-
service conditions and the program scope will include component testing under
these conditions.

Alloys for components of coal fragmentation equipment (coal crushers)
will be designed to resist concurrent impact and abrasion at ambient tempera-
tures. Coal transport equipment such as loading shovels and chutes do not
have as severe wear requirements as do feeder and crusher components. A
principal design objective in this case will be a reduction in alloying
element content, without loss of hardness and impact toughness, to reduce

cost.
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2. PROGRESS SUMMARY

In evaluating the program progress, it is pointed out that although
the final research proposal was not approved by ERDA (now DOE), until mid-
January, a program start date of January 1, 1977 was mutually agreed to by
ERDA and Lawrence Berkeley Laboratory. The program progress is compared
against program schedule with this agreed-upon start date. The comparison
is shown in Figure 1.
2.1 TASK T - ALLOY PERFORMANCE CRITERIA

As shown in the Figure, Task I is on schedule. Discussions with
coal equipment producers, designers, and contractors were helpful in defining
the expected operating conditions in coal transportation and fragmentation
equipment. An extensive literature survey was conducted in the general area
of abrasion mechanisms, wear testing, and relevant metallurgical factors.
An alloy screening device which would test for abrasion resistance was
designed, constructed, and calibrated with standard materials. Abrasive
wear factors under high stress conditions were determined for a low alloy
ultra-high strength steel in various heat treated conditions, using a
laboratory jaw crusher. The wear factors compared favorably with data
available in the literature for similar steels of the same carbon content.
2.2 TASK IT - ALLOY DESIGN

Task II activities are on schedule. Over fifty different
compositions have been cast and quite a few of them have been evaluated for
their mechanical properties and microstructure. Valuable information on
alloy design has been accumulated. Fifty-pound ingots of 4340 + 1.5A1 + 1.5Si
steel were cast at ESCO Corporation and the wear resistance in jaw crusher

tests was determined for three different heat-treated conditions.
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2.3 TASK IIT - COMPONENT EVALUATION

Although the evaluation of 4340 + 1.5A1 + 1.5Si steel components

was scheduled, only laboratory-size jaw crusher plates have been evaluated.



3. TECHNICAL PROGRESS

During the period January 1 through September 30, technical pro-
gress was made in program tasks I and II, as described below.

. TASK T - ALLOY PERFORMANCE CRITERIA

L

3.1.1 Identification of In-Service Operating Conditions of Components

Several discussions were carried out with personnel from Ingersoll-
Rand Research, Inc., Ralph M. Parsons Company, Foster-Miller Associates, Inc.,
ESCO Corporation, and Albany Metallurgy Research Center - Bureau of Mines. A
study was also conducted of some preliminary reports on the coal equipment
development contracts (as a part of the demonstration plant program(792>)
sponsored by Fossil Energy - ERDA. Based on these discussions and studies,
the following operating conditions were identified for the component areas
that are under the scope of this program.
3.7.1.1 Dry Coal Feeders

A number of different kinds of dry coal feeders are being considered,
and the results of the preliminary studies were presented at a recent con-
ference on coal feeding systems held at Pasadeﬂa(g)a Based on the work done
by different laboratories and companies, an evaluation was made by the Jet
Propulsion Labaﬁatory(@>g and the extension of work on a number of feeders
‘wag recommended, to assure probabilities of successful development for specific
applications. The particular feeder to be used would depend on the process
used, which would control parameters such as pressure, coal size, lifetime of
feeder, etc. Upon considering all these factors, one of the types of feeders
which was estimated to have a large probability of successful commercialization
was the screw feeder. From an examination of the experiences presented with

screw-type feeders, it was clear that wear occurred (during fairly short-term
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(5)

tests) on the terminating flight of the screw During this time period,

no wear was observed in the barrel liner. Screw wear was also observed by
other iﬁvestigators(6>s who also obtained wear on the front part of the screw.
The wear could have been due to the wedging of the coal particles against the
barrel liner and the screw wall. Three-body abrasion should be high at the
outer end of screw tips where the velocity of the feed material is high and at
the exit end due to high pressure and velocity. Thus, the wear in such feeder
systems can be due to relatively high stress dry abrasion of a three-body type,
involving coal particles (sizes of 4 in. and smaller) under pressure or

wedged between two metal surfaces having relative motion. The coal particles
can fracture during this process. In order to anticipate any other types of
wear situations which might occur in screw feeders, some papers on experiences

(798)“ It was found that, in

in injection molding machines were referred to
addition to the high stress 3-body wear, some adhesive wear might also occur.
This is because there could be contact between barrel and screw due to factors
such as misalignment, uneven feeding, and non-uniform heating, although under
normal operating conditions, the screw is expected to "float" in the center of
the barrel. Temperatures of 500 9 . 1000 °F may be encountered depending upon
whether the whole barrel assembly is heated, or because some heating occurs in
those parts in close proximity to the gasification vésse?s. Presently, the
exact nature of the interface between the feeder and the gasification vessel
is not clear. |
3.1.1.2  Slurry Coal Feeder

Liquid slurry erosion at ambient to elevated (500 °F - 1000 OF)

temperatures can be expected. Details regarding slurry feeders will be

reported by Alan V. Levy 1in a separate report.



3.1.1.3  Coal Loader Shovels and Chutes

Ambient temperatures; relatively low stress dry abrasion of a two-
body type (contact between two surfaces having relative motion) involving
coal and rock in forms ranging from small particles to large chunks can be
encountered. Light impact may be encountered in some cases.
3.1.1.4  Coal Crushing and Milling Equipment

Dry abrasion involving both high contact pressure and impact.
Surface temperatures may go up as high as 1000 °F in certain
applications.
3.1.1.5  Mining Equipment

Mining equipment such as drag line bucket points and continuous
miner picks. Dry abrasion at ambient temperatures involving impact which
may be severe at times when rock seams are encountered. High strain rate
fatigue and elevated surface temperatures are of concern. Again, it is
emphasized that these findings were of an incidental nature, evolved during
the general discussions that were held. No attempts will be made as a part of
the present contract to pursue this item further. On the other hand, the
findings listed under the above items will be considered in designing alloys
and in developing Taboratory simulation tests for alloy screening and com-
ponent evaluation.

3.1.2 Results of a Literature Survey on Wear Testing Devices

A Titerature survey was conducted to evaluate critically past work
on abrasive wear tests for high hardness steels. It was discovered that while
several investigations had been carried out on two-body abrasion(9>, only a
Timited amount of work had been done on testing steels under three-body abra-

(109??)°

sive conditions Some of the principal test devices discussed in the

Titerature are described here.
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3.1.2.1  Two-Body Abrasion
(12)

Richardson used a pin-on-disk device. A pin-type wear specimen
was mounted in a weighted arm which caused the pin to bear down on a revolving
turntable which was covered with an adhesive-backed abrasive cloth. The arm
was hinged on a tracking mechanism which allowed the wear specimen to follow
a spiral path on the abrasive cloth so that the specimen did not wear in the
same track during each revolution of the disk. Only a schematic sketch of the
device was presented by Richardson, and no details were given of the actual
test set-up procedure.

The American Society of Lubrication Engineers Catalog of Friction

3)

and Wear Devices(1 has compiled a comprehensive list of several wear testing
devices with short descriptions of each device. Unfortunate]y; most of the
devices were developed for lubricant testing and it is noi known whether the
operating parameters of the machines are compatible with abrasive wear studies
of the type that are within the scope of the present contract. However, use-
ful information regarding temperature and atmospheric controls for testing
can be obtained from the references that are cited in the catalog.

A paper describing details of a two-body abrasion testing machine
construction, performance, and test procedures was published by Muscara and

(12)

Sinnot They developed a wear testing machine based on a Bridgeport
vertical milling machine that allowed accurate control of parameters that
were believed to be important, namely, type of abrasive, load, abrasive
particle size, length of abrasive path, specimen diameter, speed of abrasive
surface and specimen, and lubrication. Pin-type wear specimens were used in
contact with bonded-abrasive cloth surfaces. Three different abrasives were

used, namely alumina, silicon carbide, and garnet. The test was used for

relative ranking of materials based on their abrasive wear resistance.
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Bayer et ai(ig) developed a testing machine for determining the
wear of a material under repeated impacts. The device hurls bullet-shaped
projectiles against a rotating or stationary semi-infinite mefa1 surface.
Either the bullet or the metal surface, or both, can be‘examined for wear
effects.
3.1.2.2  Three-Body Abrasion

BOfik(i6) described some of the current testing methods in both
two- and three-body wear situations. He also tested steels and cast irons
in three-body abrasion. Two types of wear testing machines were used. The
first was a ball mill where the test material was shaped into grinding balls
for the mill. The test can take two weeks to run, and, due to the Targe
number of grinding balls that must be used in each test, the test requires
a considerable amount of test material.

The second and more economical type of test proposed by Borik used
a laboratory-size, single-toggle jaw crusher. With this test it was also
pessible to include a reference material on each test run so that the wear
results for different materials could be related to a common reference. The
use of a reference material also made it possible to eliminate the effects of
test condition variability between successive runs. Rectangular plates 8x5-1-
inches in size were used as test specimens. Crushed rock, 1-1/2 to 2 inches
in size, was used as abrasive. It was reported that the test could detect
small differences between the abrasion resistance of test materials. A
detailed test description has been presented by Borik and Sponseﬂer(H)S
and the test results including the effects of metallurgical variables on
wear have been discussed by Borik and Scha?z(”)°

Another tester which has been receiving attention as a standardized

abrasive wear tester is the rubber wheel abrasive tester which was originally
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(18)

This tester can be used either with dry sand or

(19)

conceived by Haworth
with a sand slurry. The tester has been described in detail by Borik
The test essentially consists of pressing a specimen of known weight with a
known pressure against a rotating rubber-rimmed steel wheel. Either dry sand
can be poured from the top or a sand slurry can be used as the abrasive medium.

(10)

can also be used.

A number of laboratories use this tester to simulate low stress abrasioa<20’21522>,

Other kinds of slurries such as industrial waste slurries

This tester is supposed to produce abrasive wear results which correlate well
with mining field equipment data(zz),
Other kinds of laboratory abrasive wear testers in current use are

an impact abrasion, incendivity tester(ZS)

, which simulates impact wear in
flammable gas mixtures; a modified commercial Falex No. 6 friction and wear
tester(24)s_which can simulate ambient and elevated temperature (approximately
500 OF maximﬁm) abrasive testingg‘and a grinding wheel tester developed by
ABEX Corporation Research Center which simulates gouging wearczs), In
addition to these laboratory tests, field tests are also conducted, e.g., in
ball mit1st'6).

The 1iterature survey clearly indicated the wide variety of testers
available which simulate, in the laboratory, different service conditions,
and rank materials differently. Based on this survey, it was concluded that
the ESCO laboratory jaw crusher test, which is a modified version of the one

(1)

proposed by Borik and Sponseller , would be suitable for screening and
simulation testing of alloys that would be used in components (such as those
in coal crushers) expériencing dry high stress, impact abrasion in service.
It is also anticipated that the impact incendivity tester at the Albany,

Bureau of Mines Metallurgy Research Center would be used for alloy evaluation.

However, these tests would not simulate the in-service conditions expected
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in coal-feeders, coal loader shovels, or chutes. For the coal feeder applica-
tion, abrasion of a three-body type is anticipated. A tester to simulate this
kind of abrasion has been designed presently for ambient temperature use. The
tester will eventually be modified for high temperature use. The dry sand
rubber wheel tester might be used for the low stress applications.

During the past year, a two-body, abrasive, pin-on-disk type, wear
tester has been designed and constructed for alloy screening purposes. The
details of the tester are given below.

3.1.3 Design and Construction of a Wear Screening Device for Dry Abrasion

The following report was submitted by Dr. S. Jahanmir through
Mr. Alan V. Levy.
3.7.3.1  Description of Wear Tester

For evaluation and selection of alloys for coal handling equipment,
it was required to simulate the operating conditions as closely as possible
and at the same time have é simple test to avoid a long and complicated test
program. For this purpose, an abrasive wear tester was designed and constructed
at LBL. The current design does not include capabilities for elevated-temperature
tests. However, modifications may be made at a later date for high temperature
tests.

The overall view of the abrasive wear tester is shown in Figure 2.
The side view of the pin-on-disk test configuration is observed in Figure 3.
The specimen is a 1/4-in.-diameter pin with an 1/8-in. radius of curvature at
the contact end. The disk whichhas a diameter of 4 in. is given a rotary
motion and the pin can be kept stationary or moved radially on the disk. When
the pin is stationary, the same track will be traversed on the disk; however,
for the radial motion of the pin, the contact path on the disk is a spiral and

a fresh area of the disk will be in contact with the pin after each revolution.
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A close=up of the pin-holding section of the abrasive wear tester

is shown in Figure 4. This assembly is also used to apply the normal contact
toad and to measure the frictional force. The normal load on the specimen is
applied by attaching weights to the weight pan and will be varied to simulate
in-service loads. The frictional force is measured by means of a strain ring
arrangement. The strain ring is designed to be flexible and deform elastically
under the action of the frictional force. This deformation is measured by
strain gauges attached to the ring and is monitored through the recorder to
indicate the frictional force. The pin holder and strain ring assembly are
connected to a pair of pillow blocks. The weight of the assembly is balanced
by the counterweight. This assembly is attached to a tracking mechanism to
provide the radial motion of the pin on the rotating disk.

The abrasive wear tester can be used for both two-body and three-
body wear. Two-body abrasive wear is achieved by constructing an abrasive
disk from the type of abrasive powder to be used for testing. The abrasive
is bonded to the disk face. For three-body abrasive wear, a cup is constructed
around the contacting surfaces to hold the abrasive powder. The abrasive
particles are carried to the contact by the rotating action of the disk.

The maximum normal load is 20 1bs which is great enough to simulate
in-service loads. The speed range of the turntable is between 25 to 200 rpm
which gives a maximum speed of 2,500 in./min at the contact with a 4-in. disk.
In order to achieve higher speeds, the turntable can be made larger. The
maximum allowable diameter of the turntable is 8 in.

3.1.4 Experiments with the Pin-on-Disk Tester

The following information was provided by Howard H. Hirano, a
graduate student in mechanical engineering, working under the guidance of

Professor lain Finnie, for Mr. Alan V. Levy.
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The abrasive used for most of the testing consisted of Carbimet
silicon abrasive papers with pressure-sensitive adhesive backing. Unless
otherwise noted, the specimens were dead weight loaded with 1.1 1bs against
120 grit silicon carbide abrasive paper. All of the tests were performed
at the same constant speed of rotation of 20 rpm for 45 seconds. The mech-
arism which controlled the radial traversing of the specimen was adjusted
so that all of the specimens travelled from 1.8-in. radius to 0.54-in. radius
in the 45 seconds. Thus, all the specimens were abraded for the same distance
which was determined to be 110.24 ins. The average velocity of the abrasive,
relative to the specimen, was 146.5 in./min. The abrasive paper was changed
before each test and examination of the wear track on the paper indicated
that the radial traversing speed was adequate to ensure that the specimen
was continually exposed to fresh abrasive. The specimen dimensions were 0.25-
in. diameter and 0.7-in. length. One end of each specimen was machined hemi-
spherical to discourage any initial effects due to misorientation. Following
machining, the specimens were lightly buffed with 600 grit silicon carbide
abrasive paper.

The materials initially used for standardization and calibration were
7075 aluminum and AISI 4340 steel. Both these materials were heat treated to
various levels of hardness. The hardnesses used are given in Table I. Tests
were run to study load and particle size effects. The wear volume (which was
defined as the volume removed per unit distance travelled) was directly
proportional to the load applied on the specimen as shown in Figure
5 for the 7075 aluminum specimens. The graph connecting the data points does
not pass through the origin. This behavior was attributed to the fact that

the specimen support arm of the wear tester was not perfectly balanced.

Such a behavior has also been observed in a similar kind of test as reported
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(14)ﬂ In their particular study, the abrasive used was

by Muscara and Sinnot
alumina of various particle sizes.

The effect of the abrasive particle size was interesting. For
particle sizes larger than approximately 100 um, there was no effect of size
on wear as shown in Figure 6. A similar behavior has been reported
by Date and Ma?kin(26) for two-body abrasion. and by Finnie for erosive

(27)° Other investigators have also observed a similar effect of grit

(14,28)

wear
size on abrasion rate As pointed out by Muscara and Sinnot(14) the
critical grit size beyond which wear rate is independent of grit size has
been reported to vary between 45u and 150u. Although the exact reasons for
the existence of a critical grit size are not known, it has been suggested
that the reason could be because particles, only in elastic contact with the

metal, carry load without causing abrasion(zg)°

Obviously, further study is
needed for clarification of this behavior. For the purpose of investigating
the effect of the mechanical properties, it was decided to use a fixed abrasive
gsize (approximately 115um) for all the tests.

The wear rate (which is defined as the volume removed per unit distance
travelled per unit load) is shown as a function of hardness for 7075 aluminum
and AIST 4340 in Figures 7 and 8. In these steels, it appeared that, in
general, abrasive wear decreased with increase in hardness as has been
reported by Khruschov and Babishev(Bo),

Further tests are necessary to study the effect of abrasive hardness
on wear rates, and critical grit sizes. The reproducibility of wear rates with
4340 steel and other materials such as 1020 steel in such a type of test has
to be determined, before standards for obtaining abrasion factors can be
arrived at. As pointed out by work done at the University of Noire Dame(31)9
1020 steel exhibited less variability as compared to 4340 steel in the dry

sand rubber wheel test, and consequently the 1020 steel is being used as the

standard.
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3.1.5 Results of Jaw Crusher Tests

High stress abrasion tests on modified 4340 steel were conducted
with a laboratory jaw crusher at ESCO Corporation. The details of the ESCO

(32)9 The steel studied was

Jjaw crusher test have already been given elsewhere
4340 + 1.,5A1 + 1,551, and three different heat treated conditions were used.
The steel was obtained as 50-1b ingots by air induction melting. The ingots
were forged at 1200 ¢ and homogenized at 1200 9C. The heat treatments con-
sisted of austenitizing at 1000 °C for one hour, Agua-quenching* and tempering
at 300 °C (one hour), 300 ° (two hours), and at 350 °c (one hour), and air
cooling to room temperature. The chemical compositions provided by ESCO

are shown in Table II for the three different heats. The hardness of the

wear plates before the test, and the wear factors determined are shown in
Table III. The standard used was steel T1 at a hardness of 270 BHN. Also

(33) and at

shown in the Table are results of similar steels tested at ESCO
Climax Molybdenum Company(20>o The wear ratios obtained on the experimental

steels are as good as, or better than, the results reported for the ESCO

S

steels and AIST 4340 steel. A detailed analysis of these results will be

£

presented in the next quarterly report when data on microstructure and tough-
ness wiil be available.

Although the pin-on-disk tester showed that the wear rate is
directly proportional to hardness, the results of the jaw crusher tests do
not show this correlation. More detailed work needs to be done before some

of the results discussed above can be analyzed,

* %qgawquenchiﬂg refers to quenching in a solution of a commercial
additive in water which reportedly results in cooling rates closer to oil
quenching.
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3.2 TASK IT - ALLOY DESIGN
It has been clearly established that metallurgical variables such

as microstructure and composition, and mechanical properties play a key role in

(14,17,20,22,35-41) (35)

controlling wear behavior Hurricks has written an excellent

review paper on the subject. However, the exact correlation between metallurgical
variables, mechanical properties and abrasive wear is, at the present time, not very

clear. For example, some of the correlations which have been observed are:

i. In steels the abrasive wear resistance appeared to increase

with carbon content(zo)

i1, Martensitic matrices appeared to exhibit better abrasion

resistance as compared to ferrite, pearlite, bainite, or

austenite(zo)

1ii. The relationship between abrasive wear and fracture toughness

(42)

is complex For wrought and cast, Tow-alloy steels, it

appeared that steels which exhibited a low impact toughness
possessed better abrasion resistance at least in gouging wear
‘tests(zo)° However, this correlation is not simple and one
has to be careful in alloy selection. For example, others
have pointed out that lower fracture toughness can lead to
increased wear(34).

iv. In general, steels with higher hardness possess better wear

(30343944)0 However, it has been shown that such a

. . , . 25
correlation is not necessarily true in every case( )« In

resistance

addition, the work hardening characteristic of the steel is very
important(30935§45),

v. Other microstructural factors which contro] wear are: type Qf
dispersed phase, its size, distribution, hardness, and coherency

with matrix, and retained austenite and its stabi?ity(35)u
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It is obvious that the observed wear rates will not only

be controlled by metallurgical factors, but also by the service conditions.
Keeping all these factors in mind, alloy design during the first year of
the program was based mainly on metallurgical factors. (As Task I progresses,
it is anticipated that design parameters based on wear studies will be
available for the alloy design phase.) The initial two design criteria
used in developing new alloy compositions were hardness and toughness.
A review of the information available in the literature and past research
work conducted at LBL was utilized in establishing the allow design
criteria discussed below.

3.2.1 Alloy Design Criteria

The initial alloy design criteria were based on the following

considerations:

(1) Improvement of hardness and toughness throughhmicrostructural
control,

(2) Attainment of different microstructures that would lead to the
same hardness, and possibly the same toughness, so that the
role of properties (other than hardness and toughness) in
wear resistance can be established,

(3) Achieving elevated temperature capability through alloy
selections, including secondary hardening steels, which are
known to maintain high hardness levels, even on long-time
exposures, at temperatures up to 1000 OFQ

(4) Selection of alloys with the minimum possible carbon content
consistent with good welding practice. Also lower carbon con-
tents minimize the internal stresses and, therefore, lower the
tendency for quench cracking. 1In addition, the propensity for
the formation of internaily twinned martensite is considerably

reduced, thus avoiding a consequent loss in toughness.
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It was believed that low alloy steels would meet the requirements of
the ambient temperature applications that are within the scope of the current
program. Higher alloy content steels would be needed to provide elevated

temperature capability. Four families of steels were selected for initial

screening:
Series A - Martensitic and bainitic secondary hardening steels
Series B - Secondary hardening matrix steels
Series C - Cr-Ni-Mo steels (modified AISI 4340 steel)
Series D - Cr-Si-Mo steels (modified ESCO steels)

The design of Series A steels involved a consideration of many
factors which are summarized below.

Carbon Content

(1) The data in the literature shows that a minimum of 0.35% is
needed to attain significant hardness levels (in the neigh-
borheood of RCSS) at the secondary hardening peak(46),

(2) Only a marginal improvement is attained in the secondary hard-
ening peak on increasing carbon content beyond about 094%(46)6

(3) Other factors, mentioned earlier, suggest the advantages of
using the JTowest possible carbon content.

Secondary Carbide Forming Elements

Molybdenum was chosen as the main carbide forming alloying element.
The following factors were considered.

(1) Molybdenum carbides lead to a high hardness at the secondary
hardening peak(47), and high toughness is attainable in moly-
bdenum secondary hardening stee?s(qggdg),

(2) Molybdenum carbides are more resistant to overaging than chromium

carbides(go),
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At commercially feasible austenitizing temperatures, molybdenum
carbides are thermodynamically less stable than the carbides of
vanadium, niobium, and titanium (which are some of the other
elements that form secondary carbides) thus reducing the

tendency for toughness Toss due to large undissolved carbides(51).

Molybdenum carbides appear to enhance wear resistance<35)n
Molybdenum enhances elevated temperature strength when present

in solid solution inférrite(SZ)e

Molybdenum enhances hardenability of steels thus permitting Tower
quenching rates to be used following austenitization(53>.

A minimum of 2% molybdenum is needed for appreciable secondary
hardening.

The amount of molybdenum should be the minimum needed since

large amounts festrict the stable austenite region, particularly

in the presence of other ferrite stabilizing elements.

e following considerations were important in the selection of

Small amounts of vanadium increase the peak hardness attainable
. (54) '

on secondary hardening .

Vanadium enhances the resistance to overaging of molybdenum-

base secondary hardening steels.

. . . o . 5
Vanadium carbides have been reported to increase wear res1stance(3 ).
The secondary hardening response of vanadium is maximum at

s b (55) | L
vanadium to carbon ratios of 4 . However, tne minimum pos-
sible amount of vanadium should be used since high amounts increase
the tendency to produce large undissolved vanadium carbides in the

steel.
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Other Alloying Elements

(1) Silicon additions were used for enhancing the solid solution

(56)

strength, retarding the low temperature response , and for

(57>a The retardation of

improving secondary peak hardness
Tow temperature tempering response leads to a relatively flat
tempering temperature vs hardness curve. This in turn permits
the study of wear resistance of the steel as a function of
microstructure for the same hardness.
(2) Aluminum additions were used since it is known that aluminum,
in combination with silicon, can not only be effective in
retarding low temperature tempering reactions, but it can also
enhance the fracture toughness of steels as has been shown
for AISI 4340-type steels(58>e
(3) Nickel additions were selected to balance the ferrite stabiliz-
ing elements, and to permit austenitizing in a single phase
austenite region.
(4) Chromium additions were made for enhancing hardenability and
for increasing the resistance to corrosion and oxidation.
The design of secondary hardening matrix steels was based on the
information available on the commercially-developed Vasco-MA composition
which is claimed as a matrix stee1(59)9 The term "matrix steel” resulted
from developmental work on tool steels where the objective was to obtain a
tool steel whose composition was similar to that of the "matrix" of a standard
tool steel. By utilizing such a composition, it was hoped to avoid undissolved
primary carbides at the austenitization temperature. However, recent investiga-
tions established that the commercial Vasco-MA matrix steel contained undissolved

60)

carbides( It was believed that the information already available on the
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mechanical properties and the nature of the carbides in this steel would
benefit the alloy design of new "matrix steels”.

The series C steels are low alloy steels whose selection was based

(58) who showed that combinations of high hardness and

on the past work of Bhat
toughness were attained in AISI 4340-type steels containing high amounts of
aluminum and silicon. An additional increase in hardness Tevels couid be
achieved by a slight increase in carbon content.

The choice of composition of the Cr-Si-Mo class of steels was
based on past experience at ESCO Corporation where such low alloy steels are
produced for wear-resistant apbiications such as drag line bucket points(67),
Major compositional modifications included the addition of carbon for further
increases in hardness and the addition of chromium for improvements in
hardenability and wear resistance.

The progress accomplished in alloy screening and testing is pre-

sented below for each of the alloy families which were selcted.

3.2.2 Secondary Hardening Martensitic Steels (Series A Steels - Continuously

Twenty-two alloys were screened under this class of steels. Pre-
Timinary work in this class of steels involved a steel containing 0.4C, 4Mo,
1V, 1.5A1, and 1.5Si. An ingot of the above nominal chemical composition was
vacuum induction melted, upset- and cross-forged into 1-1/8-in.-thick and
2-3/4-1in.-wide plate, and vacuum homogenized for 24 hours at 1200 9c. Micro-
structural studies and hardness measurements were performed on specimens of
the steel austenitized for one hour at several different temperatures and
ice-brine quenched. It was found that the steel was characterized by soft
ferrite-martensite duplex structures. Thé duplex microstructures resulted
because, at the austenitizing temperatures used, austenite plus ferrite mix-

tures were thermodynamically stable. 1In order to obtain a single phase
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austenite phase region at temperatures normally used for austenitizing

(90d °c - 1200 OC)s it was deemed necessary to modify the composition of

the steel. The principal modification was the addition of Ni to expand

the austenite phase field. Subsequent composition selections were influenced
by these preliminary results.

The nominal chemical compositions of steels Al through A21 are
shown 1in Table IV. Also shown in the Table are actual chemical compositions
which were determined for some of the steels. Steels Al - A6 were cast as
22-1b ingots and steels A7 - A21 were cast as 10-1b ingots. The first set
of steels A1-A6 contained higher amounts of C, Mo, and V than the steels
A7 - AZ21; the compositions of these latter steels were arrived at following
the investigation on steels Al - A6.

An examination of the microstructure and hardness of steels Al - A6
was conducted to establish the austenitization temperatures. For this purpose,
cubes of approximately 1/2-in. side were austenitized for one hour in argon at
several temperatures in the range 1050 9 - 1300 °C and ice-brine quenched.

The hardness of the as-quenched steels (averaged over several measurements) is
plotted in Figure 9 as a function of austenitization temperature. The as-quenched
hardness of steels A3 - A6 increased by substantial amounts between austenitizing
temperatures of 1050 9C to 1150 069 and somewhat less so at higher temperatures.
The hardness of steels Al and A2 did not vary with austenitization temperature.

The increase in hardness with austenitization temperature indicated
that more carbon dissolved in the austenite due to dissolution of carbides at
the higher temperatures. The microstructure of the as-quenched steels austen-
itized in the range 1050 9c - 1250 °C was observed using optical microscopy.

No undissolved carbides were observed in steels Al and A2 austenitized at or
above 1150 °c. However, large undissolved carbides were clearly revealed in

optical micrographs of the steels A4 and A5 austenitized at 1150 °C, as shown by arrows
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in Figures 10(a) and 10(c), respectively. The carbide dispersion was finer in
the steel A5 than in the steel A4. Undissolved carbides were not revealed in
optical micrographs of the same steels when they were austenitized at 1250 OC,
the microstructures of which are shown in Figures 10(b) and 10(d).

The tempering response of steels Al - A6 was determined following
austenitization at 1150 °C and an ice-brine quench., The steels were tempered
for one hour at temperatures in the range 200 % to 700 °C. The results of
hardness measurements are plotted in Figure 11 for the steels Al and AZ and
in Figure 12 for steels A3 to A6. A1l the steels exhibited typical secondary
hardening behavior, with steels A3 - A6 in general achieving higher hardnesses
than either steel Al or AZ.

The alloys Al - A6 exhibited poor room temperature impact energies
in the %cembrine'quenched and tempered conditions. Some of the results
obtained are shown in Table V. Some secondary cracking was observed in the
fracture surfaces of the Charpy bars which could have been due to quench cracks
produced by the severe quench., It was resolved to oil quench in order to
avoid quench cracking. However, it was found that none of the alloys, Al - A6,
had sufficient hardenability toobtain fully martensitic structures by the
sTower quench. To overcome this problem, additions of Cr were made to a new
batch of ingots whose compositions are shown in Table IV as alloys A7 - Al3.
In addition to the Cr modification, other changes in the composition were
made and the rationale behind these modifications is discussed below.

One of the problems encountered in the steels A3 through A6 was
the presence of undissolved carbides at austenitization temperatures below
1250 °C. Austenitization at 1250 °C Ted to a large grain size which severely

impaired the impact toughness. It was decided to modify the composition in
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in Figures 10(a) and 10(c), respectively. The carbide dispersion was finer in
the steel A5 than in the steel A4. Undissolved carbides were not revealed in
optical micrographs of the same steels when they were austenitized at 1250 QCB
the microstructures of which are shown in Figures 10(b) and 10(d).

The tempering response of steels Al - A6 was determined following
austenitization at 1150 °C and an ice-brine quench. The steels weré tempered
for one hour at temperatures in the range 200 9 to 700 °C. The results of
hardness measurements are plotted in Figufe 11 for the steels Al and AZ and
in Figure 12 for steels A3 to A6. A1l the steels exhibited typical secondary
hardening behavior, with steels A3 - A6 ih general achieVing higher hardnesses
than either steel Al or A2.

The alloys Al - A6 exhibited poor room temperature impact energies
in the ice-brine quenched and tempered conditions. Some of the results
obtained are shown in Table V. Some secondary cracking was observed in the
fracture surfaces of the Charpy bars which could have been due to guench cracks
produced by the severe quench. It was resolved to o0il quench in order to
avoid quench cracking. However, it was found that none of the alloys, Al - A6,
had sufficient hardenability toobtain fully martensitic structures by the
slower quench. To overcome this problem, additions of Cr were made to a new
batch of ingots whose compositions are shown in Table IV as alloys A7 - Al3.
In addition to the Cr modification, other changes in the composition were
made and the rationale behind these modifications is discussed below.

One of the problems encountered in the steels A3 through A6 was
the presence of undissolved carbides at austenitization temperatures below
1250 °C. Austenitization at 1250 °C led to a Targe grain size which severely

impaired the impact toughness. It was decided to modify the composition in
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A further series of alloys were cast and their compositions are
shown in Table IV (steels Al4 to A21). These alloy compositions were
designed mainly to study the effect of Si and Al add%tions. Alloys AZ20
and A21 were also cast to study the effect of minor amounts of V on the
secondary hardening response with and without Si + Al additions. Although
it was intended to obtain a C level of 0.35 in all the steels, some of the
steels ended up with tower C contents. This factor was taken into account
in analyzing the results which are discussed below.

The alloys A14 through A21 were all austenitized at 1100 9 to
ensure that there was no free ferrite in the microstructure and were 0il
quenchedo (It is not implied that all the alloys required an austenitization
temperature of 17100 OC; this temperature was chosen so as to allow a com-
parison among the alloys.) Tempering temperatures up to 650 OC were used.
The hardness values are shown in Table VII and also plotted in Figures 20
through 25. The effect of Si additions was analyzed by studying the
tempering response of steels A14 through A17 and the results are shown in
Figures 20-22. It was found that Si raised the hardness levels substantially,
especially in the secondary hardening range; the increase in hardness was
dependent on the amount of Si added with the highest hardnesses obtained
in the alloy with the highest amount of Si. Silicon also shifted the sec-
ondary hardness peak to lower temperatures; the more Si added, the Tower
was the peak hardness temperature. In addition, Si helped in obtaining a
flat tempering response over the entire range of tempering as shown in
Figure 21.

The tempering response of the alloy containing Al is shown in
Figure 23. It was found that the addition of Al also raised the secondary

hardness although not to as great an extent as with an equivalent amount of
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S1 addition. The peak was also shifted to lower temperatures. The effect
of combined additions of Si + Al proved to be interesting. Alloy Al19 con-
tained 1S1 + 1A1. The hardening response is compared to that of another
secondary hardening steel (obtained from the Yiterature<49)) in Figure 24.
It appeared that the combined addition resulted in a hardness level, at the
peak, which was higher than can be expected by just adding the increases in
hardness obtained by Si and Al individually. This effect is also observed
on comparing steels A20 and A21, as shown in Figure 25. The flatness of the
tempering behavior should allow the study of varying microstructure and tough-
ness at the same hardness level. The addition of a small quantity of V
resulted in an increase in the secondary hardening levels and also shifted
the peak to higher temperatures.

Preliminary tests have indicated that in order to obtain higher
hardness in some of the alloys (say, around RCSS) longer aging times at
temperatures slightly below the peak temperatures can be used.

Some preliminary data on Charpy energies at room temperature have
been obtained for some of the alloys in selected tempered conditions and
the data are presented in Table VIII. These preliminary results indicate
that good combinations of hardness and impact toughness can be obtained in
some of the experimental alloys. For example, Cv-Rc combinations of 15-58 and
13-53.2 have been obtained. At this point, no detailed analysis of this
data has been made because a more complete evaluation is being obtained
with materials obtained from larger (22-1b) ingots.

3.2.3 Secondary Hardening Bainitic Steels (Series A Steels - Isothermally

Transformed)
The compositions of steels studied under this classification are

given in Table IX.
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When these steels were austenitized and isothermally transformed
at temperatures intermediate between room temperature and the austenitizing
temperature, microstructures containing different relative proportions of
bainite, martensite, and untransformed austenite were obtained. Isothermal
transformation treatments were of interest because they permitted micro-
structural variations that might enhance abrasive wear resistance. In
addition, in higher carbon steels (containing greater than about 0.5 percent
C), isothermal treatments can promote a reduction in the amount of internally
twinned martensite which is believed to have a deleterious effect on tough-
ness(62)o Accordingly, the steels of series A were examined with regard
to their isothermal transformation response.

Dilatometric specimens of the steels Al and A2 were austenitized
at 1150 °C for 15 min, (heating rate 10 OC/Sec)s quenched at 187 OC/sec
to several different temperatures in the 400 % - 520 % range, and held at
the temperatures for monitoring the progress of the austenite transformation.
A typical time-temperature-transformation (TTT) diagram determined by this
procedure is illustrated in Figure 26, which was obtained for a specimen
of the steel AZ. For the steel A2, the TTT data showed an austenite
bay at 520 OC where austenite remained untransformed for 3 hours. The
bainite reaction began in 6 to 7 seconds at 420 9C. Transformation data
of this type were useful in selecting the temperatures and hold times for
isothermal heat treatments.

Following determination of the TTT diagram, specimen blanks of
the steels Al and A2 were austenitized at 1150 °C for one hour, quenched
to 437 C and 450 OC, respectively, held at the respective temperatures for

one hour to attain maximum transformation to bainite, and oil quenched.

The steels were then tempered for one hour at several temperatures in the
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range 200 ° - 700 °c. In Figure 27 is shown plots of Rockwell C hardness
vs tempering temperature for the steels Al and A2. Although both steels
exhibited secondary hardening behavior, the steel Al had a relatively low
hardness and was therefore eliminated from the bainitic steel series.

The steel A2 exhibited higher hardness levels at tempering temperatures
between 500 °C and 600 °C.

Room temperature Charpy V-notch impact tests of isothermally
transformed steel A2 specimens, tempered at temperatures in the range
450 °c - 600 OC9 were conducted, and the results are plotted in Figure
28. Beyond a tempering temperature of 500 OCB an apparent drop in the Charpy
energy was observed. The impact energy of the isothermally transformed
steel was relatively low even at lower tempering temperatures.

Fracture surface examination of Charpy specimens suggested one
possible means of improving the impact energy of the steel A2 with a bainitic
microstructure. As illustrated in Figure 29(a) by the scanning electron
fractograph of a Charpy specimen of steel A2 (isothermally transformed
for one hour at 450 °C and tempered for one hour at 500 OC), the fracture
mode was predominantly quasi-cleavage with some dimpled rupture. Undis-
solved carbides (left in the steel after austenitizing) were observed on
the fracture surfaces and were analyzed using energy dispersive x-ray
chemical analysis. The analysis gave rise to a pattern illustrated in
Figure 29(b), indicating that the undissolved carbides were primarily those
of vanadium and titanium. The low Charpy impact energy was believed to
have been due in part to the presence of large undissolved carbides and

(49) to

also partly due to cleavage of the matrix. There is evidence
beljeve that undissolved carbides may be detrimental to toughness if

they are larger than a critical size. In attempts to eliminate large
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undissolved carbides, specimens of the steel A2 were subsequently austen-
itized at 1215 °C prior to carrying out the isothermal treatments in the

usual manner. It was found that although the higher austenitization

temperature reduced the amount of undissolved carbides, it increased the grain

size substantially, and consequently there was a slight decrease in the impact

energies obtained. In any case, the Charpy values obtained for specimens
austenitized at either temperature were only around 4-6 ft-1bs corresponding
to hardnesses of around RCSOQ It was decided to drop the steel AZ also from
further investigation.

The TTT diagram of steel A5 was determined and is shown in Figure
30 for the lower bainite range. The MS of the steel was determined to be
300 °C and the Mf was 100 °C. At a temperature just above 420 °c, the
jsothermal transformations did not go to completion, even on holding for
periods up to four hours, indicating that the Bs temperature was approached,
and the presence of an austenite bay. Charpy blanks were austenitized at
1210 °C for one hour, quenched in a salt pot to a temperature just above the

M., i.e., 325 OCB isothermally transformed for ene hour, and oil quenched to

g?
room temperature. The blanks were tempered at different temperatures up to
the secondary hardening peak. Charpy specimens were obtained from these
blanks and tested at room temperature. The results are shown in Table X and
also plotted in Figure 31. Impact energies of 12-14 ft-1bs were obtained
from specimens tempered to temperatures up to 400 OC, beyond which there was
drop in Charpy values and an increase in hardness to RC6O at the peak. At
the present time, the exact reasons for the drop in Charpy energies beyond a
tempering temperature of 400 %C have not been identified. However, it was

observed from x-ray measurements of untempered specimens that substantial

amounts of retained austenite were present. Hence, the transformation of

a steep
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this relatively higher carbon austenite to  brittle decomposition pro-

ducts at higher tempering temperatures, could be responsible for the initial
drop 1in toughness. The fracture surfaces of the broken Charpy bars were
examined in a scanning electron microscope and are shown in Figure 32. The
fracture surfaces showed different amounts of dimple rupture and quasi-cleavage
with the specimen tempered at 450 ¢ showing the maximum amount of cleavage
surfaces.

Because alloy A5 did not have the target C content of 0.4 and
contained a Tower amount of Al than planned initially, a new ingot was
cast (alloy A22). Two other ingots (alloys A23 and A24) with minor variations
in the C and Si contents were also cast and their compositions are shown in
Table IX. The as-quenched hardness of these alloys as a function of the
austenitization temperature is shown in Figure 33. The increase in hardness
with austenitization temperature was an indication that undissolved carbides
were going into solution in the austenite. There did not appear to be any
substantial differences in hardnesses between the steel austenitized at
1150 °C and 1200 °c.

The hardening response of alloy A22 in the quenched and tempered
condition is shown in Figure 34. The tempering response of the alloy fol-
Towing austenitization at 1150 °C and 1200 °C was similar although stightly
higher hardnesses were obtained for the 1200 °C specimens. The tempering
behavior of alloys A23 and A24 were also similar to that of A22 and are
shown in Figure 35 and Figure 36. Although no large change in hardness
was observed on austenitizing at 1200 C as compared to 1150 OC9 it was
found that there were more undissolved carbides present in the 1150 ¢
specimens as compared to those in the 1200 ¢ specimens as shown in Figure

37 for alloy A24.
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Using an austenitization temperature of 1200 OCs the steels A22,
A23, and AZ4 were isothermally transformed at 275 ¢ and 350 °C and tempered
at different temperatures. The plots of hardness versus tempering tempera-
ture for the three steels are shown in Figures 38, 39, and 40. Although the
quenched and tempered heat treatment resulted in the highest hardness, the
steels transformed isothermally also possessed high hardness levels on
tempering beyond 400 °c.

The results of Charpy tests conducted at room temperature are
shown in Table XI for steels A22, A23, and A24. The austenitization tempera-
tures used are indicated in the table. The isothermal transformation tempera-
ture was 275 °C. It was observed that, for all three steels, there was a
drastic drop in Charpy values on tempering at temperatures beyond 400 °c
just as in the case of steel A5. The steels A22 and A24 which contained
higher amounts of C and Si, respectively, as compared to AZ3 showed poorer
Charpy impact resistance. Although the amounts of retained austenite in
these steels following the different heat treated conditions have yet to be
determined, it appeared that the transformation products of the retained
austenite (which were surely present in these steels) had a major role in
the embrittiement observed. This observation was supported by the fact that
the Charpy values did not recover beyond the peak hardness temperature
which indicated that the undesirable morphology of the transformation pro-
duct of the initial retained austenite was responsible for the loss in Charpy
energies. If the drop had been only due to the secondary hardening reaction,
the properties should have recovered beyond the peak hardness treatment.
More experiments are underway to clarify this behavior.

Based on the above results, it was decided to obtain a new set

of alloy compositions to obtain bainite and combinations of bainite and
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other microconstituents which would have superior combinations of hardness
and toughness. As it appeared that the presence of retained austenite is
undesirable in isothermally transformed secondary hardening steels, it was
decided not to add the alloying elements Al and Si to the new set of alloys.
The reason for this was because Al and Si are known to promote the retention
of large amounts of austenite in isothermally transformed stee1s(58’63),

The pré?iminary compositions of these alloys are shown in Table XII. These
compositions are essentially similar to the steels developed for the quenched
and tempered heat treatments except for the absence of Al and Si. The
amounts of the secondary hardening elements present are expected to allow
the Towest possible austenitization temperatures with a minimum amount of
undissolved carbides.

For applications involving ambient temperatures where secondary
hardening steels are not necessary, it was decided to study isothermally
transformed low alloy steels containing Al and Si. Such a study was deemed
to be desirable because it has been reported in the Titerature(BS) that
both bainite and retained augtenite can be beneficial for wear resistance.
The series C steels were investigated initially and the compositions used
are shown in Table XIII. Three isothermal transformations were chosen and
the results of hardness and Charpy tests are shown in Tables XIV and XV.
The retained austenite contents were measured by standard x-ray techn‘iques(M)°
The results showed that good combinations of hardness and toughness were
obtained in such steels although the hardnesses themselves were not as high
as Rc55° However, hardnesses of RC51=52 have been obtained with Cv values
which are considered excellent for this class of steels. These experimental
steels have toughnesses which compare very favorably with those of maraging

steels in this hardness/strength regime.
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3.2.4 Secondary Hardening Matrix Steels (Series B Steels)

Matrix steels are steels that are derived from tool steels by
reducing the alloy e?ement content sufficiently so that all carbides are
in solution after an austenitization treatment. Several of these steels
exhibit a secondary hardening response when they are tempered. One such
steel, the commercial steel Vasco MA, which has been previously claimed

(6O)u The investigations

as a matrix steel was recently investigated at LBL
indicated that, contrary to the definition of a matrix steel, Vasco MA
contained coarse, undissolved carbides after austenitizing at a temperature

(49) that the presence of such

~as high as 1350 9C. 1t has been reported
coarse carbides can be the prime cause of low fracture toughness in steels.
When high austenitizing temperatures are used in order to eliminate the
coarse, undissolved carbides in steels of this type, grain growth commonly
occurs, teading to an increase of the ductile-brittle transition temperature
and to temper embrittlement. In addition, when more carbon goes into solu-
tion in the austenite, the martensite that forms during subsequent quenching
has an increased tendency for internal twinning which further lowers fracture
toughness. Therefore, a new approach was used for designing matrix steels.
The approach involved, (1) chemical analysis and statistical estimation of
the volume fraction of the complex alloy carbides after each of several
austenitization treatments, and (2) similar studies using steels in which
carbon and the significant carbide forming alloying elements were systematic-
ally varied.

This approach was expected to help in establishing the phase
stabilities of the alloy carbides and thus aid in designing other similar
steels.

For preliminary experiments under the current program, the steel

of nominal composition Bl in Table XVI (same composition as Vasco MA)



-36-

was chosen. Specimens of the steel were austenitized for one hour ir argon
atmosphere at 900 °c, 1000 °c, 1100 °C, and 1200 °C, and ice-brine quenched.
Rockwell C hardness measurements indicated that the as-quenched hardness
increased when the austenitizing temperature was raised, as illustrated in
Figure 41. As expected, optical microscopy of the as-quenched steel showed
that there were undissolved carbides following all of the austenitizing
treatmenté, A typical microstructure is illustrated by the optical micro-
graph in Figure 42(a), which was obtained from the specimen austenitized at
900 “c. Scanning electron microscopic examination in conjunction with enerqy
dispersive x-ray analysis of the same specimen established that tungsten

was the major alloy constituent of the carbides while smaller amounts of
vanadium and molybdenum were also present.

The above results formed the basis for the design of additional
alloy compositions of Series B steels listed in Table XVI. In subsequent
investigations, experimental heats of the steels B4 a?d B5 were examined.
Because the carbides in the steel Bl contained Targe amounts of tungsten,
it was evident that it would be most logical to reduce the tungsten if
undissolved carbides were to be minimized or eliminated. In addition, it
is also known that large amounts of vanadium results in the formation of
carbides that are stable up to at least 1300 OCS so vanadium was reduced
in steel B5. Both steels were austenitized at the same temperatures as
the steel B1 and the as-quenched Rockwell C hardness was determined. The
results are plotted in Figure 41. Two conclusions were arrived at from
the data presented in the figure. First, the hardness generally increased
with increase in austenitizing temperature. Secondly, for the 900 °¢
austenitizing treatment, the hardness of the steel B4 was greater than that

of the steel B5, which in turn was harder than the steel Bl. The greater
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hardness reflected greater amounts of carbon and alloying elements in solution
in the austenite.

Optical micrographs of the steels B1, B4, and B5 are presented in
Figure 42(a), (b), and (c), respectively, for the 900°C austenitizing treatment.
A comparison of the three microstructures clearly shows that undissolved carbides
were present in all three steels with the volume fraction of carbides being the
maximum in the steel B1. In Figure 43 is shown the optical pictures of steels
B1, B4, and B5 in the as-quenched condition. It was observed that the base steel
Bl had Targe quantities of undissolved carbides following austenitization at
1000°C.  The amount of undissolved carbides, and their size was much smaller in
the as-quenched B4 and B5 alloys. Some kind of grain boundary precipitate was
present in the steels Bl and B4 as seen clearly in Figure 44, which contains
optical micrographs of the tempered alloys. These precipitates were associated
with a precipitate-free zone as pointed out by the arrow in the figure. An
analysis of the elements present in these precipitates using the energy
dispersive x-ray analysis unit showed that they were rich in V, W, and Mo. The
possible influence of these precipitates on the fracture behavior will be
discussed in a following section. Within the grains, fine secondary carbides were
observed. An analysis of their composition proved to be difficult as they
were very smali. The fine, undissolved primary carbides present in steels B4
and B5 were revealed by scanning electron microscopy as shown in Figure 45 for
steel B4, which shows microstructures in the as=-quenched condition.

The hardness of steels B1, B4, and B5 austenitized at 1000°C,
and tempered at different temperatures following an 0i1 quench, were deter-
mined and the results are shown in Table XVII. Also shown in the table are

the hardness vaiues obtained from steels austenitized at 1200°C. From
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Figure 46, it is observed that steel B5 maintained the highest level of
hardness over the secondary hardening range. The peak in hardness appeared
to occur at a Tower temperature (500 OC) as compared to that of steel Bl
which was Tocated at 550 °C. Steel B4, wifh Tower W, also exhibited higher
hardnesses than steel Bl on either side of the peak which was located at
550 °C.  The increased hardness levels in steels B4 and B5 was due to the
greater amount of C and secondary carbide forming elements in solution fol-
Towing austenitization which allowed more secondary carbides to precipitate.
No tempering data of steel BT following austenitization at 1200 °C was
available. As seen from Table XVII, the hardness of the steels B4 and B5,
tempered following austenitization at the higher temperature, was higher as
compared to those obtained following austenitization at 1000 °Cc. This
result was undoubtedly due to more complete dissolution of the fine, undis-
solved carbides which Ted to higher amounts of C and secondary carbide formers
being available for secondary hardening.

Charpy impact tests were performed at room temperature on alloys
B1, B4, and B5 austenitized at 1000 Oc and also on alloy B4 and B5, austen-
itized at 1200 °C. The results are shown in Table XVII. Figure 47 shows the
variation of Charpy impact energy with tempering temperature for steels
B4 and B5 austenitized at 1000 °C and 1200 °C. Both the steels exhibited
poor impact values for the 1200 OC austenitization treatment although the
hardness levels were higher for this austenitization temperature. Alloy B4
had much better CV values than alloy B5 when a 1000-°C austenitization
temperature was used. The differences in Charpy energies are possibly
explained by the difference in grain sizes. In Figure 48 is plotted the
variation of Charpy impact energy with tempering temperature of steels

B, B4, and B5 for an austenitization temperature of 1000 Oc. It is seen
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from the figure that the base alloy Bl had the poorest impact energies and
alloy B4 had the highest energy values. Thévpoér impact energies shown for alloy
B1 can be attributed to the presence of undissolved carbides (see Figﬁre 43(a)).
Alloy B4 had almost the same Charpy values (around 15 ft-1bs) over the tempering
range 450 9 to 600 °c. Alloy B5 had Charpy values intermediate between those
of Bl and B4. There appeared to be some kind of an embrittlement reaction
in both alloy B5 and Bl on tempering between 456 9¢ and 600 OC; this
may be related to the slight increase in hardness of those
alloys in this temperature range of 500 9 - 550 °c. Figure 49 shows scanning
eTectron fractographs taken from broken Charpy specimens of steel B4 and BS
austenitized at 1000 QC and tempered at 600 %c. A grain boundary failure
mode is present which could have been due to the presence of the precipitate
and the associated precipitate-free zone as was shown in Figure 44 . Within
the grains the fracture mode appeared to be a combination of dimple rupture
and quasi-cleavage. As shown in Figure 50 the dimpTes were associated
with carbide particles which were analyzed to be rich in W and Mo.

Some preliminary results have been obtained on alloys in which W
and Cr were reduced below that of the base composition. In Figure 51 is
plotted the hardness of as-quenched alloys versus the austenitization tempera-
ture (one hour at temperature and ice-brine quenched) for the series of alloys
in which the W was reduced below that of the base alloy B1l. Both B4 and
B6 showed higher hardnesses than B1 at austenitization temperatures below
1200 °C. This was because more C was in solution in the lower W alloys.
There did not appear to be'ioo significant a difference in %he hardness of
B4 and B6 quenched from either 1000 °¢ or 1100 oc. However, this does not
necessarily mean that an alloy with 0.5W would be optimum because it might
not have an adequate secondary hardening response. A similar behavior was

observed for the series of alloys in which the Cr was varied. The results
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are plotted in Figure 52. The alloy with the lTowest Cr content had the
highest as-quenched hardness following austenitization at temperatures
of 1000 °c, 1100 %c, and 1200 °c.

The secondary hardening response of steels B6, B9 and B10 were
determined and the Charpy impact energies at room temperature were obtained.
The results are shown in Table XVIIT. Steel B6, which contained the lowest
W content among the steels Studied (0.5W) could not achievefhe hardnesses
possible with the higher W grades. However, good combinations of toughness
and hardness (20 ft-1bs - 5188RC) were obtained. It appeared that a minimum
amount of W was necessary for achieving substantial secondary hardening in
this class of steels. Steels B9 and B10, which were the lower Cr modifications
showed similar tempering responses and also exhibited similar Charpy impact
values at room temperature. The Tow value of CV for steel B10 tempered at
600 °C was probably due to error.

From the data obtained to date, there is evidence that it would
be possible to improve the toughness of the matrix steels through proper
alloy modifications. These modifications will permit steels to be austenitized
at lower temperatures than the base matrix steel, avoid the presence of
undissolved carbides,and also obtain the required hardness levels.

3.2.5 Low Alloy Steels (Series C Steels)

The Series C steels are modifications involving additions of AT,
Si, and C to AISI 4340 steel. The chemical compositions of these steels are
given in Table XIII. (Note that the steel compositions have been renumbered
and are not the same as reported in the last two quarterly reports.) The
modified compositibns were obtained by remelting commercial, vacuum arc
remelt, aircraft quality AISI 4340 in an induction furnace backfilled with
argon. Alloy additions of Al, Si and C were made to the remelted steel. The
alloys,obtained as 22-1b, 2-1/2-in.-diameter ingotégwere upsetw‘and Cross-

forged into plates 1-in. thick and homogenized in argon for 24 hours at
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1200 °C. The austenitization temperatures were determined metallographically
(as shown in Figure 53) and were found to be 950 OC for steels €1, €2, and
1000 °C for steel C3. The steels were austenitized for one hour, oil quenched
and tempered at various temperatures up to 600 °C.  The hardness data is

shown 1in Table XIX. The steels €2 and C3 exhibited a slight hardness peak
around the tempering temperature of 300 °c. As expected, the hardness

levels of these two steels were higher than that of steel C1 which had a

lower C content. The tensile properties and Charpy impact energies of the
three alloys were obtained at room temperature and are shown in Table XX.

The values obtained for steel C1 duplicates results reported in a previous

(67)° Good combinations of strength and toughness were obtained in

study
steels C1 and C2. The results indicated that the addition of 2.0A1 + 2.0Si
to 4340 increased strength, but lowered impact toughness. Compact tension
specimens are being prepared for these steels, from which the fracture

toughness will be determined.

3.2.6  Cr-Si-Mo Steels (Series D Steels)

The steels in Series D were selected not only for alloy screening
in Task II, but also for microstructural studies of wear in Task I of the
program. The compositions used in this series are shown in Table XXI. It
was decided that the steel D-1 (an ESCO composition) would be initially
characterized to examine the microstructural features and mechanical
properties that may be responsible for its known wear resistance. The
steels D2, D3, and D4 were selected in order toobtain additional improve-
ments in wear resistance through alloying and through incorporating the
beneficial microstructural features of the steel Dl. Experimental quantities
of the steel compositions were cast as 22-1b ingots following melting in an

induction furnace using an argon atmosphere. The processing of the cast
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ingots was similar to that of the series C steels. An austenitization
temperature of 900 °C was used for steels D1, D2, and D3. They were o0il
quenched from 900 OC and tempered at temperatures to 500 °C. The time at
temperature was one hour, following which they were air cooled to room
temperature. The tempering data are plotted in Figure 54. Steel] D2
with the higher C level had the highest hardness. It exhibited a
slight hardening peak around 100 °c - 150 OC, which is characteristic
of Tow alloy steels. Steels p2 and D3 had about the same hardness up to
a tempering temperature of 350 OC; beyond 400°C, the steel with the
higher Cr content showed higher hardnesses. The results obtained were
expected, and further investigations of these steels involve routine
determination of mechanical properties and microstructures.

The results of Charpy tests on the steels D1 - D3 are shown in
Figure 55. It was observed that the higher C version (steel D2), although
it exhibited high hardness levels (around RC56 on tempering at 200 % -
300 OC) showed the Towest CV values around 10-12 ft-1bs. The higher
Cr modification (D3), which had the same hardness Tevels as that of stee]
D1, showed much better impact resistance. For example, following tempering
at 200 OCs a Cv of 30 ft-1bs was obtained corresponding to a hardness
of RCSBQ The other mechanical properties, such as yield and ultimate

strength, KIC’ and microstructure are beihg characterized presently.
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4. CONCLUSIONS

The following conclusions were made from the Phase I studies.

The operating conditions in the principal coal transportation
and fragmentation equipment that are within the scope of the
current program include a wide range of service environments
involving impact loading, ambient and elevated (500 °F - 1000 OF)
temperatures, and abrasion from coal particles, which may either
be in the form of particles ranging in size from very fine

pieces to large chunks. Abrasive wear can occur by either
two~body or three-body wear.

Abrasion in dry coal feeders will be predominantly of three-body
type involving high stresses. Some adhesive wear can also occur.
Coal Toader shovels and chutes are expected to undergo ambient
temperature, relatively low stress abrasion of a two-body type.
Coal crushing and milling equipment encounter abrasion under high
contact pressure and impact.

Some of the results obtained from studies within the scope of
this program may also be applicable to mining equipment.

A Titerature survey of wear testers made it clear that a wide
variety of testers are available which can simulate different
service conditions in the laboratory. Based on this survey,
different testers have been chosen to study abrasive wear
situations expected in the different applications.

A pin-on-disk-type tester was designed and constructed which

simulates high stress abrasion of a two=body'type at

ambient temperatures.
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An abrasive particle size effect on wear rate was observed up to

a size of 100 u beyond which the wear rate appeared to be

independent of particie size.

Jaw crusher tests results indicated that modified 4340 + 1.5A1 + 1,55
steels exhibited combinations of hardness and wear ratios which

were as good as or better than those obtained for AISI. 4340 steel.

The alloy design phase (Phase II) studies led to the following conclusions.

It was possible to obtain secondary hardness above Rch5 in the alloys
A7-A12 which contained around 0.4C and lower amounts of the carbide
formers Mo and V as compared with the alloy A5 which contained

higher amounts of the carbide formers.

A further reduction in € level to 0.35 resulted in lower peak hard-
ness levels (alloys A8-A21). However, hardnesses of Rc53 have been
obtained and have been increased by using longer aging times

(10 hours) at temperatures a 1itt1é below the peak hardness temperature.
The addition of Si resulted in an increase in the secondary

hardening response and also a shift of the peak to Tower temperatures.
The magnitude of the effect was dependent on the amount of Si

added; the greater the amount of Si, the Targer the effect.

The effect of Al additions was similar to Si except that the
magnitude of the changes was Tlower, .

The effect of adding Al + Si combinations was more potent than

the effect of Al and Si additions individually.

It was possible to obtain steels which exhibited a "flat" tempering
response from temperatures of 200°C to 600°C with the proper choice

of alloy composition.
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Good combinations of hardness and impact toughness were

obtained in some of the experimental secondary hardening steels.
The addition of Al + Si to secondary hardening steels resulted
in the retention of substantial amounts of retained austenite in
isothermally transformed steels.

The presence of retained austenite can either be beneficial or
detrimental to toughness, depending upon the temperature of
tempering. Tempering at temperatures greater than 400°C of
secondary hardening steels containing Al and Si caused a severe
degradation of Charpy impact energies. This degradation was
apparently related to the transformation products of the retained
austenite. However, the presence of retained austenite in these
steels tempered at lower temperatures could be beneficial to
toughness.

Good combinations of strength and toughness were obtained in
isothermally transformed and quenched and tempered 4340 + Al +
Si steels.

It was possible to increase the as-quenched hardness, tempering
response, and decrease the austenitization temperature and the
amount of undissolved carbides of the so-called matrix steels
through a reduction in the amount of the alloy elements such as
W, Va and Cr.

Good hardness-toughness combinations were obtained in the
modified matrix steels on tempering in the secondary hardening
range.

An increase of Cr in the Cr-Si-Mo steels by one weight percent

increased the impact toughness without Toss in hardness.
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5. WORK FORECAST

The work forecast for the following year is given below, with the
contract being administered through the Campus Research Office of the
University of California, Berkeley.

5.1 TASK I

Using the dry abrasive wear tester, a standard material for com-
parison will be obtained. Abrasives of different hardnesses and grit
sizes will be used. Data on experimental alloys will be generated for
different heat treated conditions. More of the 4340 + A1 + Si alloys
and the new Cr-Si-Mo steels will be tested using the ESCO jaw crusher.

A three-body abrasive wear tester capable of ambient and elevated temperature
testing will be constructed. A purchase order to run impact tests at the
Albany Metallurgy Research Center will be set up.

5.2 TASK 11

The metallurgical characterization, including hardness; tensile
properties, impact toughness, fracture toughness, and microstructure will
be completed on larger size (22-1b) ingots. A correlation between wear
properties and metallurgical variables is expected following this study.

5.3 TASK IT1
Major equipment producers will be contacted for testing of components

made from experimental alloys.
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Table I Hardness of 7075 Al and AISI 4340 Wear

Specimens

Alloy Aging (Tempering) Temp Vicker's Hardness
(°F) Kg/mm?2
7075 Al (Underaged) 202 158.0
209 163.0
223 167.0
254 179.0
7075 Al (Overaged) 250 180.5
254 181.0
264 179.5
305 167.0
318 134.0
332 122.5
359 106.0
371 102.0
AIST 4340 392 602.0
662 498.0
932 407.0
1202 318.0
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Table II Chemical Compositions of Modified 4340 Steels Melted
by ESCO Corporation for Jaw Crusher Tests

Composition (Wt.pct)

Heat No. C Mn Si Cr N Mo Cu Al S p
X-3574 0.44 0.74° 1.92 0.89 1.78 0.27 0.12 1.61 0.013  0.026
X-3584 0.41 0.80 2.03 0.89 1.76 0.23 0.13 1.60  0.009 0.018

X-3585

0.45 0.95 2.09 0.97 1.65 0.29 0.13 1.31  0.013 0.028
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Table 111 Hardness and Wear Ratios of Modified 4340 Steels and
Some Commercial Steels

Steel Aust. Temp. Tempering Temp. Hardness  Wear Ratio*
(°F) (°F) BHN

4340+1 ,5A1+1.581 1832 572 578 0.232
(#X-3574) {1 hour)

434041 .5A1+1,551 1832 572 555 0.220
(#X-3584) {2 hours)

4340+1.5A1+1.551 1832 572 514 0.248
(#X-3585) » {1 hour)

12§ - - 514 0.266

HiC/12S - - 555 0.242

AISI4340 1750 Normalized 320 0.67
#22A

AISI4340 1600 1200 340 0.72
#228 (1 hour)

AISI14340 1600 400 520 0.23
#22C (1 hour)

* Wear ratio = Wt. loss of test specimen

Wt. loss of standard
The standard used was Steel T1, heat-treated to 269BHN.
The data on steels 125 and HiC/12S was provided by ESCO Corporation.

The data on the AIS14340 steels was obtained from Reference 20.
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Table IV Compositions of Series A Steels

Designation ‘ Composition (Wt. pct)*

k C. Mn | Mo L. v L ce| i AL | si |Fe
Al o.4 (0.37) | - [4.0((3.81) |- - - - - bal
A2 0.4 [t0.4) - 14.01{(3.80) |1 (1.00) - - - - u
A3 0.42 1(0.47) |0.5 |4.0(3.80) {0.75 (0.43) | - 3 (3.28)|1 (0.96) [1(0.96) "
Ad 0.42 [(0.47) 10.5 14.01((4.40) |0.75 (1.08) | - 2 (1.94)11.5 (1.29)]1.5(1.57)|
AR 0.42 (0.47) 10.5 [4.0(3.61) [0.75 (1.00) | - 3 (3.05)11.5 (1.18)]1.5(1.36) | *
A6 0.42 (0.45) (0.5 |4.0((4.24) {0.75 (0.95) | - 3 (3.08)(2 (1.77) |2(2.13) "
A7 0.4 1(0.43) (0.5 |2.5 0.5 1.0 |3 1.5 1.5 "
A8 0.35 }(0.34) 0.5 |2.5 0.5 1.0 |3 1.5 1.5 .
A9 0.40 {(0.37) (0.5 |1.75 0.4 1.0 |3 1.5 1.5 "
A0 0.35 [(0.35) 0.5 (2.0 0.4 1.0 |3 1.5 1.5 "
Al 0.40 1(0.38) 0.5 |1.75 0.4 1.0 |5 1.5 1.5 "
Al12 0.35 1(0.33) 0.5 |2.5 0.4 1.0 15 1.5 1.5 .
A13 0.40 (0.42) (0.5 (4.0 0.75 - 2 - - L
Al4 0.35((0.28) 0.5 |2.0 - 1.0 |3 - - !
Al5 0.35(0.35) 0.5 |2.0 - 1.0 |3 - 1. "
Ale 0.35{(0.29) 0.5 12.0 - 1.0 13 - 2. r
Al7 0.35((0.31) ]0.5 |2.0 - 1.0 |3 - 3. :
Al8 0.35 {0.35) (0.5 (2.0 - 1.0 |3 1. - ‘
A19 0.35 }(0.34) 0.5 2.0 - 1.0 |3 1. 1.0 .
A20 0.351(0.33) 0.5 ]2.0 0.25 1.0 |3 - - !
A21 0.35 {(0.36) (0.5 12.0 0.25 1.0 {3 1.0 1.0 "

* The numbers in parenthesis are from results of chemical analysis.
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Table V Results of Room Temperature Charpy V-Notch Impact Tests
on Quenched and Tempered Series A Steels

Tempering Rockwell C Impact Energy,
Steel Temperature, Hardness Ft-1bs
. < C
A2 500 49 4.3
550 52 4.0
600 57 1.8
650 50 2.5
Ad ~ 500 62 2.3
550 62 2.0
600 59 2.3
650 53 6.8

Note: A1l specimens were austenitized for one hour at 1150 °C
followed by ice-brine quenching, and tempering for one hour,

The charpy data was obtained in the L-T direction.
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Table VI Tempering Response {Rockwell C Hardness) of Series A
Alloys Austenitized at 1250°C for 1 Hour and 0il
Quenched
Alloy Tempering Temperature, °C

Number AQ 200 300 400 500 550 600 650

A7 60 54.6 53 56.3 61 61.4 58.6 54.6
A8 54 52.5 53 53.2 59 58.6 54.6 51.5
A9 56.7 54.8 55 55 57 55.7 53.5 50

A10 56.5 54 54.8 55 58 56 53.8 50
ATl 57.7 53 55.5 53.3 59.8 60 56.3 52.7
A12 57 53 55.3 5438 59.3 60 56.5 52.6
A13 61 52.5 51.7 50.5 53 57 57.4 55
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Table VII  Tempering Response (Rockwell C Hardness) of Series A
' Alloys Austenitized at 1100°C for 1 Hour and 0il ‘
Quenched
Tempering Temperature, °C
Alloy A.Q. 200 300 400 500 550 600 650
Al4 49.6 47.5  44.7 43. 43, 42.1 43, 35.4
A15 55.4 51.8 51.4 49, 47. 49.5 47. 39.1
Al6 51.2 51.5 50.9 50. 50. 50.2 47. 39.4
A17 55.4 53.0 53.7 54, 54. 53.1 49. 42.4
A18 53.4 50.3 46.0 47. 47, 47.7 46. 39.9
A19 54.1 52.9 49.0 52. 51 52.5 49, 42.0
A20 52.5 50.6 47,0 45, 46. 47.3 48, 44,7
A21 52.71 53.5 52.8 53. 53, 52. 48.7

53.2.
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Table VIII Preliminary Room Temperature Charpy Impact Energies
of Some Quenched and Tempered Series A Steels

Tempering Temperature (C°)
Alloy No.

500 550 600 650
A7 - - 2.8 (59) 6.3
A9 - 9.5 (57) 8.8 (54) -
ATO - 15.0 (58) 11.0 (55) -
ATl - - 5.8 (57.5) 4.8 (51)
A14 - - 35.0 (43) 54.0 (35.4)
A15 16.5 (50)  18.0 (49.5) 12.5 (47) -
Al6 18.0 (50)  26.0 (50.0) 4.0 (47.5) -
A17 5.5 (54) 5.5 (53.0) - -
A18 - 17.7 (47.5) 16.3 (46.5) -
A19 - 11.0 (52.5)  10.0 (49.5) -
A20 - - 30.0 (49.1)  13.3 (44.7)
A21 8.0 (54.3) 13.0 (53.2) 12.5 (52.8)

Charpy impact energy in ft-1bs

Numbers in parenthesis refer to R_ hardness. o
Austenitization temperature for a??oys A7-A11 was 1100 “C and for
alloys A14-A21 was 1050 ©OC.
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Table IX  Compositions of Series A Steels Used for Isothermal
Transformation Studies

Alloy No. Composition (wt.pct)

C* Mn Si Al Cr Mo y N1 Fe
Al 0.37 - - - - 4.0 - - Bal
A2 0.4 - - - - 4.0 1.0 - "
A5 0.47 0.5 1.5 1.5 - 4.0 0.75 3 "
Azz Oe 45 H 1] H - 1] tH (1 1]
AZS Oa 36 it [H] H - H H] Hi 1]
A24 Oe 47 " 1 H - 1] i it H

*

The C percentages are from actual

chemical analysis.
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Table X Hardness and Room-temperature Charpy V-Notch
Energy Values of Steel A5 Austenitized at 1210°C
(1 hour), Isothermally Transformed at 325°C (1 hour),
and 011 Quenched.
Tempering
Temperature Hardness Room-Temp, Charpy
(°c) (Rockwell *'C') V-Notch Energy (ft-1bs)
Untempered 49.5 12
325 50.4 10
400 50.4 14
450 50.3 9
500 55.0 5
550 60.0 2
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Table XI Hardness and Room Temperature Charpy Data of Series A
Secondary Hardening Bainiti¢ Steels

Steel Austenitization Tempering Hardness Room Temp.
Temp. (°C) Temp. (°C) (Rc) Charpy Energy
(ft-1bs)
A2? 1225 untempered 51.3 9.3
400 52.5 10.3
500 54.6 6.5
550 53.7 4.3
650 34,7 3.0
A23 1150 untempered 48.5 12.0
400 47.5 11.8
500 53.3 6.0
550 57.9 4.3
650 46.9 2.0
A23 1200 untempered 50.1 12.8
400 49.9 11.0
500 53.0 5.0
550 56.0 2.3
650 50.0 2.3
A24 1225 untempered 50.7 5.5
400 51.0 8.0
500 58.1 4.5
550 59.5 2.3
650 53.6 2.5

The heat treatment consisted of austenitizing at 1200°C (1 hour),
isothermally transforming at 276°C (1 hour) and oil quenching.
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Table XII Nominal Composition of New Series A Steels to be Used for
Isothermal Transformation Studies

Composition, wt. pet.

Alloy No. C Cr Mo Vv Mn Ni Fe
1 0.35 - 2 0.25 0.5 3 Bal
2 0.35 2 2 0.25 0.5 3 :
3 0.35 2 2 0.25 0.5 3 !
4 0.35 3 2 0.25 0.5 3 !

5 0.35 4 2 0.25 0.5 3 !
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Table XIII Nominal Composition of Series C Steels *

Alloy No. . Chemical Composition (wt. pct)
C Mn S Al Cr Mo y N Fe
Ci 0.4 0.7 1.8 1.5 0.8 0.3 - 1.8 bal
c? 0.5 0.7 1.8 1.5 0.8 0.3 - 1.8 "
C3 0.5 0.7 2.3 2.0 0.8 0.3 - 1.8 "

* The Series C steels were obtained by making the necessary
alloy additions to remelted vacuum arc melted AISI 4340 steel.
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Table XIV Hardness, Charpy Impact Energies and Retained
Austenite Contents of Isothermally Transformed
4340 + 1.5 A1 + 1.5 Si Steel Austenitized at 1000°C.

Isothermal® Tempering ** Hardness Charpy
Transformation Temp. (RC) Energy % Ret.
Temp. (°C) (°c) (ft. 1bs.) Austenite
350° As Quenched 43.4 53.5 14.7
200 42 .8 56.3 7.9
300 43.3 57.8 5.7
400 42.8 53.8 -
315° As Quenched 48.5 36.5 7.0
300 48.1 35.0 7.2
250° As Quenched 51.3 20.5 1.4
200 51.5 26.8 -
300 50.9 25.0 -
400 51.5 27.8 -

* Isothermally transformed 1 hour at temperature and oil quenched to room
temperature.

*%  Tempered 1 hour at temperature and air cooled to room temperature.
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Table XV Hardness, Charpy Impact Energies and Retained Austenite
Contents of Isothermally Transformed 4350 + 1.5 Al + 1.5
Si Steel Austenitized at 1000°C.

Isothermal® Tempering** Hardness Charpy % Ret.
_Transformation Temp. (Re) Energy Austenite

Temp. (°C) (°c) (ft. 1bs.)

350° As quenched 45,1 51.0 11.2
200 45.1 47.5 6.9
300 45.2 52.3 8.6
400 45.7 45.5 10.5

315° As quenched 48.1 35.8 15.2
300 48.3 36.8 12.6

250° As guenched 52.0 22.0 9.1
300 50.6 24.5

* Isothermally transformed 1 hour at temperature and oil quenched to room
temperature.

*%  Tempered 1 hour at temperature and air cooled to room temperature.
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Table XVI  Nominal Composition of Series B Steels

Alloy No. Composition (wt. pct)

Si Cr Mo v W Fe
B1 0.5 0.2 4.5 2.8 1 2 bal
B2 0.4 0.2 4.5 2.8 1 2 "
B3 0.5 0.2 4.5 2.0 1 2 !
B4 0.5 0.2 4.5 2.8 1 1 "
B5 0.5 0.2 4.5 2.8 0.5 2 !
B6 0.5 0.2 4.5 2.8 1 0. "
B9 0.5 0.2 3.5 2.8 1 2 "
B10 0.5 0.2 2.5 2.8 1 2 "
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Table XVII Hardness and Room Temperatur§ Charpy Results
of Quenched and Tempered Series B Steels

Alloy - Austenitizing Tempering R C (ft-1b)
Temperature (°C) Temperature (°C) ¢ v
B1 1000 450 49 .0 9.0
500 52 .0 6.8
550 53.0 6.0
600 50.0 6.3
650 43 .0 7.0
B4 1000 450 52.5 14.8
500 53.5 15.3
550 54.0 15.5
600 52.0 15.5
650 45.0 17.0
1200 450 57.0 2.0
500 58.0 2.0
550 58.5 3.3
600 57.5 2.3
650 53.0 2.3
B5 1000 450 55.0 13.3
500 56.0 12.3
550 55.5 10.5
600 53.5 10.3
650 46.0 15.3
1200 450 58.0 3.5
500 57.5 3.0
550 598.5 2.5
600 57.0 3.0
650 52.5 2.8

Charpy data obtained for L-T direction.
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Table XVIII Hardness and room temperature Charpy Impact Energies
of Quenched and Tempered Series B Steels

Alloy No. Tempering Hardness Charpy Energy
Temp. (°C) (Rc) (ft.1bs)
86 450 50.5 16.3
500 50.5 17.3
550 51.8 20.0
600 50.0 17.8
650 47.8 23.5
B9 450 51.0 14.3
500 51.8 17.0
550 - 53.3 15.5
600 49.5 16.8
650 ‘ 46.5 16.5
B10 450 51.5 14.8
500 50.3 13.3
550 53.0 15.0
600 50.0 9.8
650 47.5 16.0

The steels were austenitized at 1000°C for 1 hour and oil
quenched prior to tempering.
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Table XIX Tempering response (Rockwell R Hardness) of Series C Steels

Alloy No. Tempering Temperature (°C)
As Quenched 200 300 400 500 600

Cl ‘ 55.9 53.7 53.2 52.4 48.0 41.1
C2 60.8 55.2 56.2 54.4 49.3 43.1
€3 59.5 54.3 55.0 54.3 50.7 41.1
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Table XX  Room Temperature Tensile and Charpy Data of Series

C Steels
Alloy No. Tempering 0.2 pct yield Ultimate Reduction  Charpy
Temp. strength Strength in Area Energy
(°c) (KST) (KST) (pct.) (ft.Tbs)
€1 As quenched 223 330 22 11.0
(Austenitized ) _ 3 -
at 950°C 200 20.5
011 quenched) 300 238 285 40 18.5
350 246 288 42 16.0
400 246 278 48 16.0
500 - - - 10.0
600 - - - 19.0
2 As quenched 258 361 ' 2 5.0
(Austenitized _ -
at 950°C, 200 - 12.0
0il quenched) 300 261 302 37 14.5
350 263 306 34 8.5
400 259 292 43 8.5
500 - - - 8.0
600 - - - 8.0
€3 As quenched 258 345 0 3.0
{Austenitized
at 1000°C, 200 - - - 9.0
011 quenched) 300 255 304 8 8.0
350 261 312 24 8.5
400 270 303 29 6.5
500 - - - 4.0
600 - ' - - 8.0

Charpy data obtained for L-T direction.
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Table XXI Nominal Composition of Series D Steels
Alloy No. Composition (wt.pct)
C 51 Cr Mo Fe
D1 0.3 1.5 ?2 0.3 bal
D2 0.4 1.5 2 0.3 "
D3 0.3 1.5 3 0.3 "
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Figure 2. Overall view of dry abrasive wear tester.
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XBB777-7276

Figure 4. Close-up view of pin and disk.
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Figure 6. Plot of weight Toss versus abrasive particle size
for 7075 Aluminum specimens.
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Figure 9. Plots of hardness versus austenitizing temperature for
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XBB

Optical micrographs of steel A4 austenitized for
1 hour at (a) 11500C, and (b) 1250°C, and steel
A5 austenitized for 1 hour at (c¢) 11500C, and
(d) 12500C.
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Figure 11. Plots of hardness versus tempering temperature for
steels Al and A2.
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Figure 13.
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Plots of hardness versus tempering temperature
for steels A4 and A13, austenitized at 1100°C.
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Plots of hardness versus tempering
temperature for steels A7 and Al3,
austenitized at 11009C.
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Figure 15. Plot of hardness versus tempering
temperature for steel A9, austenitized

at 1100°C.
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Figure 16. Plot of hardness versus tempering

temperature for steel A10, austenitized
at 11000°C.
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Plot of hardness versus tempering
temperature for steel A8, austenitized

at 11000C.
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for steel All, austenitized at 1100°C.
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Figure 19. Plot of hardness versus tempering temperature
for steel A12, austenitized at 11000C.
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Plots of hardness versus tempering
temperature for steel Al5 and an
Fe-0.35C-2Mo-3Ni steel, obtained
from the Titerature (ref. 49).

Figure 20.
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Plots of hardness versus tempering temperature

Figure 21.
for steels Al4 and Al16, austenitized at 11009C.



-93-

55 — Qo

HARDNESS, Re
N
@)
|

451

Al7 31C 2Mo 3 Si

| i 1 ]

1
AS

1 i
200 400 600

NCH o
QUENCHED  eMPERING TEMPERATURE, °C (1hr)

XBL776-5663C

Plot of hardness versus tempering tgmperature

Figure 22.
for steel Al7, austenitized at 1100°C.
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Figure 23. Plots of hardness versus tempering temperature
for steel A18 and an Fe-0.35C-2Mo-3Ni steel,
obtained from the literature (ref. 49).
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Figure 24.

obtained from the literature (ref. 49).

Plots of hardness versus tempering temperature
for steel A19 and an Fe-0.35C-2Mo-3Ni steel,
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Plots of_hardness versus tempering tempera
for steels A20 and A21, austenitized at 11
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Figure 26. Time-Temperature-Transformation diagram of steel

A2, obtained by dilatometry.
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Plots of hardness versus tempering temperatyre

of alloys Al and A2, isothermally transformed
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Figure 28. Plot of room temperature Charpy impact enerqy
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XBB-773-2683

Scanning electron fractograph obtained

from broken surface of Charpy bar of steel A2
austenitized at 11509C, isothermally trans-
formed at 450°C, and tempered at 500°C. The
energy dispersive x-ray analysis picture was
obtained from the large carbide particle in the
middle of the fractograph.
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Figure 31. Plots of hardness and room temperature Charpy energy
versus tempering temperature for steel A5,
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XBB776-6145

Figure 32. Scanning electron fractographs of broken Charpy specimens
of steel Ab Tsothermally transformed at 3259C (a) untempered,
and tempered one hour at (b) 3000C, (c) 4000C, and (d) 4500C.
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Figure 33. Plots of hardness versus austenitization temperature of

as-quenched steels A22, A23, and A24.
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Figure 35. Plots of hardness versus tempering tempergtgre qf
steel A23, quenched from different austenitization
temperatures.



Hardness

-107-

Tempering response of A-24

Austenitized (lh) —oil quench -+ femper (Ih

o)
O
T

\@\

[HOO °C Austenitizati _
50 °C &us?‘f%ﬁ% zatio
v 1200 °C ﬁ@g%%ﬁ%z@ﬁ@ﬁ
| |
0] 06 400 600
@uéﬁ%h&ﬁ lempering femp.
XBL776-123%

2

Figure 36. Plots of hardness versus tempering temperature of

steel A24, quenched from different austenitization
temperatures.
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XBB766-6146

Figure 37. Opt‘aca‘l gicmgraphs of stee“l A24, austenitized at
(a) 1150°C, and (b) 1200°¢.
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Figure 38. Plots of hardness versus tempering temperature of
steel AZ2Z2 in the quenched and tempered condition, and

also isothermally transformed at 2759C and 3500C.
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Figure 39. Plots of hardness versus tempering temperature

of steel A23 in the quenched and tempered condition,
andoa1so»isotherma11y transformed at 2750C and
350%C.
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and also isothermally transformed at 2759C and 350°C.
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XBB775-4433

Figure 42. Optical micrographs of steels (a)
(c) B3, austenitized at 9000C and
room temperature.
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XBB/77-6457

Figure 44, Optical micrograph

S
steels (a) Bl and (b

of auenched and tempered (600°¢)
) B4.
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XBB775-4720

Figure 45. Scanning electron micrographs of steel B4,
austenitized for 1 hour at (a) 900°C, and
(b) 1000°cC.
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Plots of hardness versus tempering temperature for
steels B1, B4, and B5, austenitized at 10000C.
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Figure 47. Plots of room temperature Charpy energy versus
tempering temperature of Stee'lsoBll and B5,
austenitized at 1000°C and 12007C.
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Figure 48. Plots of room temperature Charpy energy versus

tempering temperature for steels B1, B4, and B5
austenitized at 1000°C.
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XBB777-6459

Figure 49. Scanning electron fractogr‘aphg of broken Charpy specimens
of quenched and tempered (600°C) steels: (a) B5, and
(b) B4.



XBB776~6142

Figure 50. High magnification scanning electron fracto-
graphs of steels (a) B4, and (b) B5, showing
carbides associated with dimples.
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Figure 51. Plots of hardness versus austenitization temperature
for as-quenched B1, B4, and B6 steels.
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XBB770-12502

Figure 53. Optical micrographs of 4340 + 2A1 + 2Si
steel, austenitized at (a) 9000C, (b) 9500C,
and (c) 10009C. The white etching phase in
(a) and (b) is ferrite.
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Figure 54. Plots of hardness versus tempering temperagure for

steels D1, D2, and D3, austenitized at 9007C.
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