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EFFECTS OF THE TRIP PHENOMENON ON THE
TOUGHNESS OF HEAT TREATABLE ALLOY STEELS

Gabriel Kohn
Materfals and Molecular Research Division, Lawrence Berkeley Laboratory

and Department of Materials Sclence and Engineering,
University of California, Berkeley, Califommia 94720

ABSTRACT

It is shown that substantial amounts of untransformed austenite may
be obtained in low alloy steels by a combination of alloy modification
(addition of silicon) and heat treatment. In silicon modified AIST 4330
stecl, the amount of untransformed austenite is varied by utilizing
isothermal treatments both above and below the Hs' The stability of the
untransformed austenite is found to be dependent ra the amount of
silicon and also on the tempering temperature. A magnetic saturation
technique was utilized to monitor the transformation of the austenite
under uniaxial tensile loading. An improvement in the plane strain
fracture toughness (ch) was observed when the retained austenite
transformed with respect to strain. This improvement was optimized
with particular conbinations of stability and volume fractions of
retained austenite. 7The addition of silicon resulted in an Increase
of both the strength and the fracture toughness (ch) of the quenched
and tempered AISI 4330 steel. Yield strengths in the range of 200-220 ksi
and ch values as high as 107 ksi/in were obtained. .The microstructure

was characterized using both optical and clectron microscopy and is

correlated with the mechanfeal properties.
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I. TINTRODUCTION

In recent ycars a large research effort has been directed towards
improving the strength and toughness of steele;.]'“,""s-50 The reeds of the
advanced technology of our days call for both better strength-to-
weight and toughness-to-weight ratios. Remarkable combinations of
strength and toughness have been obtained in the so called "TRIP"
(TRansformation Induced Plasticity) steels.s“'8 These are metastable
austenitic high strength steels that undergo an austenite to martensite
transformation wheo plastically deformed. The formation of martensite
provides resistance to necking in a tension test and thus increases
both unlform clongation and ultimate tensile strength. Toughness is
promoted duc to both the enerpy absorption capacity of the austenite
to martensite trinsformation and the 3% volume expansion associated
with the transformation. The expansion tends to relieve the triaxial
state of stresscs at the tip of a crack during straining. The mechanical
properties of TRTP steels are strongly dependent on austenitc stability.
The influence of austenite stability on mechanical properties of TRIP
steels has been discussed by Bhandarkar et al.9 The main limitation to
the wide use of TRIP steels is the difficult and expensive process
involved in their commercial manufncturlng.lo

Ilt.-hem:m]l and Bnhu,12 among others have shown that substantial
amounts of austcnite can be retained in AISI 4300 type steels when
they are isothermally transformed at temperatures near the Hs‘ Babu

has also shown that additions of alloying elements, cspecially Si,



increase the amunt of untransformed austenite retained at room tempera-
ture after cooling down from the isothermal transformation temperature.
Additious of alloying elements are not the only way to increase the

amount of retained austenite in these stecls. Laiis et al have reported
that increasing the austenitizing tempecrature from the conventional
870-900°C to 1200°C increases the amount of retained austenite in

A1SI 4340 steel. They have also reported a two-fold increase in the

plane strain fracture toughness on increasing tine austenitizisg tempera-
ture. Improvements in strength and toughness in experimental Fe-Cr-C
stecls hy additions of alloying elements and by increasing the austenitiz-

ing temperature were reported by Carlson ct m1.51 In other steels,

14,15 and Antolovich et al16 have shown that the retained

Webster
austenite enhances f{racture toughness by blunting a propapgating crack
and by undergoing a phase transformation at the crack tip.

The main objective of the present investigation was to study the
behavior of retained austenite under stress and strain in wodified
AISTI 4300 typ2 steels and to cxamine whether it is possible to incor-
porate the goad properties of the TRIP steels in these steels.

The base steel chosen for the present investigation was a AISI 4330
steel. The choice was based on three¢ main consideration. First, the
steel is commercially available. Secondly, a wide base of information
about it is available in the literature. Thirdly, choice of AISI 4330
rather thin higher € content steels from the AIST 4300 family was based
on the extensive work of Thmn.-ns;”'l'ﬂ and Thomas and Dasls‘19 who have

shown that carbon contents of 0.4%7 and higher increase the amount of

twinpning in martensite and lower the fracturc toughness.



The reasons for choosing Si as the modifying element were, first,
it isan inexpensive alloying element. In addition, Si is known to be

20,21

a strong snlid solution hardener and is also known in its ability

to retard the softening which eccurs upon tempering.zz'25 The influence
of Si on the tempering response of steel is explained by an alteration

of the activity of carbon in the iromn matrix26 in a manner which retards

21,23 As shown by Babu,12

the nucleation and growth of iron-carbides.
yet another effect of §i is that it promotes retention of austenite in
AISI 4300 type steels. By adding varying amcunts of Si it was possible
to obtain various amounts of retained austenite in the steels.

in the present investigation, the relative stability of the
austenite with respect to stress or strain was examined in steels
transformed at temperatures ncar the Ms’ and the influence of the TRIP
phenomenon, (when it occurred) on mechanical properties was established.
Optical and electron microscopy were employed to correlate micro-

structure and mechanical properties.



-4

1. EXPERIMENTAL PROCEDURE

A. Materials Preparaticn

1. Alloy Preparation

The steels used in the present investigation were prepared from
commercial aircraft quality AIST 4330 steel. The chemical composition
vf the steel is given in Table 1. The steel was recefved in the form
of a 1.5" dia. round bars in the "as-annealed" condition. It was re-
melted In a vacuum induction furracce and steels having S1 contents of
1.0, 2.0 and 3.0 wt% were obtained. Sections of onc ingot of each
heat were chemically analyzed for all the major elements while the C
and Si1 contents were determined ia all the iagots. The compositinns
of the steels are also listed in Table 1.

The ingots were upset and cross forged to 2.75" wide by 1.0" thick
bars and homogenized in vacuum for 24 hours at 1200°C.

2. Heat Treatment and Specimen Preparation

All specimen blanks were cut from the forged stock and had roughly
the same size in order to keep the heating and cooling rates as similar
as possible. The austenitizing treatment was carried out in a vertical
alumina tube furnace in which a continuous argon flow was maintained.
‘The duration of the austenitizing anneal was 1 hour after which the
bottom 1id of the tube was removed, and the specimen dropped into the
quenching medium which was either agitated molten salt {for the
1sothermal treatments) or agitated oil (for the quenched and tempered

treatmeats). Following the isothermal treatments, the specimens were
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air cooled or, in a few cases, cooled to liquid nitrogen. Tempering
treatments were carried out in salt-baths. Test spezimens were rough
machined from heat treated blanks prior to tempering and then machined
to their final dimensiens. 1t was expected that the ?inal machining
following tempering would minimize the residual stresses and surface
defects that may have resulted from the prior heat treatments.

The relative orientation of the specimen and the forged ingot is

given in Fig. la.

B. Mechanical Testing
1. Hardness Tests

A Wilson hardness testing machine was used for hardness measurements
on the Rockwell "C" scale. The raported results represent the average
of at least 3 readings on each sample. Measurements were taken from the
surface of flat tensile specimens and from pieces sectioned from the
plane strain fracture toughness specimens.

2. Tensile Tests

The room temperature longitudinal tensile properties were determined
using sheet tensile specimens having a 1.0" gauge length, a thickness
of 0.05" and a pauge section width of 0.125" (Fig. 1b). In some cases
additional tests were conducted using 1.0" gauge length 0.25" diamecter
AS'M specified round specimens (Fig. 2b). The tensile specimens were
austenitized in the form of blocks 0.7x0,7x2.75" in size. This was done
in order that heating and cooling rates in the tensile specimens would

approach the rates in 0.7" thick fracture touplness specimens.
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Sheet tensile specimens were obtained by slicing the 0.7" thick
blanks with a water cooled cutoff wheel to form blanks 0.7x0,1x2,75"
is size, then tempering and wet grinding to final dimensions. The round
tensile specimens were tempered in the thick blank form and then ground
to final dimensions.

The sheet tensile specimens, which were also used to detect the
y* transformation as described im a later section, were tested at a
strain rate of 0.02 %/min. using a 5000 Kg capacity Instron machine.
‘fhe yield strength was determined at 0.2% offset and the plastic strain
to failure was obtained from the load vs crosshead displacement curve.
The round tensile specimens were tested on a 300,000 1b (300 Kip) capacity
MIS Universal Tensile Testing machine at a strain rate of 0.02% per
minute. The yield strength was determined again using the 0.2% strain
offset method and the plastic strain to failure was measured both from

the fecording chart and from the gauge section of the broken specimen.

3. Fracture Toughness Tests

Room temperature fracture toughness tests were performed according
to ASTM specifications E-399-72. The specimens were of the compact
tension type (CTS) as shown in Fig., lc. The thickness of the specimens
waried between 0.60 and 0.95".

The specimens were heat treated after being machined to their final
dimensions except for their thickness (which was .040" oversize).

After heat treatment the specimens were wet ground to their final
thickness, at the same time removing the decarburized layer. The 0,008"

© wide slot was then introduced by grindiqg. Subsequently a fatigue



crack was started at the tip of the 0.008" slot. The fatigue crack
growth rate was chosen such that an average of 20,000 fatigue cycles

was enough to introduce the standard crack length of 0.10". The fatigue
precracked specimens were fractured using a MTS 300 Kip capacity
Universal Tensile Testing machine. The ram speed was .0005 in./sec
which ensured a stress intensity- loading rate within the ASTM specified
range.

A crack opening displacement (COD) gauge was used to monitor crack
length during the test. The critical crack length at which instability
occurred was determined from the load - COD plot, and the critical
stress intensity KQ was calculated and its validity as a plane strain
fracture toughness value KIc was established according to standard ASTM
procedures.

4. Tmpact Tests

Room temperature longitudinal impact ﬁroperties were determined
using a pendulum impact machine adjusted to a 60 ft-1lb capacity. The
tests were performed according to ASTM E-23-72 specifications. The
Charpy V~notch specimen dimensions are shown in Fig. 2a.

C. Measurement of Phase Transformation Characteristics

1. Magretic Saturation Technique

The amount of austenite to martensite phase transformation
produced during tensile testing was measured using a magnetic saturation
technique (Fig. 3). The saturation induction of each specimen was
measured before and during straining on the Instron machine. Standard

specimens of different compositions wert austenitized, oil quenched and



then tempered at 650°C for 1 hour in order to transform any retained
austenite. These standards were checked by x~rays and considered to be
100% magnetic. The magnetic saturation readings of each tensile specimen
were compared to that of the standards and the amounts of austenite and
martensite were determined. Detailed information concerning magnetic
saturation in iron and the technique used can be found elsewhere.26-29

Since the determination of the amount of retained austenite using
the magnetic saturation technique depended on many factors, the error
in the measured value could not be estimated accurately using error
propagation methods. However, in duplicate tests, the measured amounts
of retained austenite varied by not more than * }%. This would result
in confidence levels of * 20%Z for specimens containing around 5%
austenite and confidence levels of * 5% for specimens containing about
20% austenite. In all cases, however, the relative changes in the
amounts of phases within the same specimen were determined very accurately
and the relative error was estimated to be not more than * 1Z. The
minimum amount of austenite which could be detected in any given
specimen was around 1%.
2, Dilatometry

A Theta Dilatronic IIIR model dilatometer was used in the present
investigation. All measurements were carried out using hollow
cylindrical specimens 0.4" long, 0.187" ocuter diameter, and 0.125"
inner diameter. The heating rate was 900 °C/min, the austenitizing
time at 900°C was 15 min and the cooling rate was 100 °C/sec.

The Ms’ Hf. As, and Af temperatures of all the alloys investigated

were determined from the dilatometric curves and arc given in Table 2.
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The dilatometer was also used to follow the kinetics of the austenite
decomposition in the course of the various isothermal heat treatments
and to determine the relative amounts of phases present at the end of
each isothermal heat treatment. The relative amounts of the athermal
and isothermal decomposition products were determined by comparing the
relative amounts of volume expansion at each stage.

3. X-Ray Analysis

In addition to the magnetic saturation technique, x~ray analysis
was used for the retained austenite measurements. A Picker biplane
diffractometer with a Cu tube operated ai 40 RV and 14 mA was used.
The florescent radiation was eliminated by the use of a LiF monochromator.
Specimens used fof the x-ray amalysis were sliced from the fracture
toughness specimens and then polished using standard metallographic
techniques.

The amounts of retained austenite were calculated by comparing
the intensities of the ZZOY, 311Y' and 211u peaks using the method
described by Cullity.29 Comparison of the results obtained by x-ray
and magnetic saturation techniques showed good agreement when the
amount of retained austenite was 107 or greater. When the amount of
austenite was smaller, the Y peaks were rather diffuse and x-ray
analysis gave smaller values for the amount of austenite than the values

obtained by the magnetic technique.
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D. Microscopy

1. Scanning Electron Microscopy

Fracture surfaces were observed using a JEOLCO JSM-U3 Scanning
Electron Microscopy (SEM) operated at 25 KV and an AMR 1000 SEM opcrated
at 20 KV. The AMR 1000 Scanning Electron Microscopy had an Energy
Dispersive Analysis ¢f X-rays unit (EDAX model 711) attached to it which
enabled semi-quantitive analysis of the chemical composition of very
small areas from the observed specimen.

2. Optical Microscopy

Specimens for optical microscopy were cut [rom either the fracture
toughness specimens or froi: the flat tensile specimens. They were
mounted ia Koldmount and abraded on silicon carbide paper dowm to
600 grit and then polished on a 1 pm diamond abrasive wheel. Specimens
were etched in either nital (2-5%) or picral for 10-30 sec. A Carl
Zeiss Ultraphot II metallograph was used for the cxamination of micro-
structures.

3. Transmission Electron Microscopy

Thin foils for TEM studies were prepared by cutting thin slices
(.020-.030" thick) off the fracture toughness specimens using an
abrasive wheel, chemically thinning the slices down to 002" using
2 solution containing 5% hydroflourilc acid in hydrogen peroxide, and
then polishing. A twin jet electropolishing unit operated at 30-50 V
and 30-40 mA was used. The polishing solution was acetic—chromic acid
(75g, Cr03, 400 cc Acetic Acid, 20 cc Hzo). A Witachi HU 125 and a
Philips EM301 electron microscopes were used to ohserve the micro-

structure of the foils.
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I1I. RESULTS AND DISCUSSION

A. Mechanical Properties

1. 1Isothermal Transformation at 350°C

Tne mechanical properties, as a function of tempering temperature,
of steels isothermally. transformed at 350°C for 1 hr. following
austenitizing at 900°C for 1 hr. are summarized in Figs. 4 and 5 and
also in Table 3. The amount of retained austenite as a function of
Si content is shown in Fig. 6. The transformation behavior of retained
austenite upon straining in tension and as a function of tempering
temperature is showm in Figs. 7-10.

The results indicated that for the untempered steels, the higher
the Si content the higher was the velume fracticn of austenite retained
on cooling to ambient temperature from the isothermal hold, the higher
was the ultimate tensile strength and the hardness, the lower was the
yield strength, and the higher was the total elongation. This behavior
may be explained by the following known cffects of Si on steels:

1) A significant concentration of Si (e.g. >1%) prevents the

21,23,10

growth of carhides, thereby maintaining a high carbon

concentracion in nuhtenite. This results in chemical stabilization

11,30

of the austenites leading to greater amrunts of retained austenitc

with concomitant lower yicld strengths and higher duetility. This

effect increases with greater Si content.
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2) The presence of Si increases the strength of martensite by
solid solution effectsal resulting in higher strengths in steels
with greater Si content.

Tempering these steels for 1 hour in the temperature range of
250°C to 400°C does not have a large effect on the amount of austenite
which 1s retained upon cooling to room temperature. Tempering at
higher temperatures, (up to 650°C) however, reduces the volume fraction
of austenite as can be expected from known tempering behavior.zs'52
Tempering these steels does not change the relative stability of the
austenite with respect to uniaxial loading and for each composition
the amount of austenite which undergoes transformation remains constant.

The plane strain fracture toughness after transformation at 350°C
was higher for the steel containing 2.0 wtZSi than for the steel with
3.0 wt%Si for all tempering temperatures up to 400°C. After tempering
at 400°C for 1 hour an even higher plane strain fracture toughness
was obtained for the steel modified with 1.0 wt%Si. This result may
seem unusual since the steel having the lowest yield strength would
normally be expected to have the highest fracture toughness. The
behavior of the 3.0 wtZSi steel can be explained by considering the role

of Si in these steels. Si is known to be a ferrite stabilizer1'33 an

d
even though the dilatometer results indicated that at 900°C the steel
having 3.0 wt¥Si is in a single austenite phase, it is possible that
due to the difference in =ize between the CTS and the dilatometer

specimen, the CTS was not austenitized completely and some untransformed

ferrite was retoined in the structure (As can be seen in Fig. 54).
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The retained ferrite is a softer phase and gives less resistance to
tearing, causing the lower touphness.

A sccond explanation for ‘the decreasc in toughness v’ the general
increasc. in the Si content (and judging from the quasi-clea. .ge mode of
fracture of the 2.0 and 3.0 wtZSi steel shown in Figs. 35 and 36
probably a more important one ) is the carbon enrichment of austenite
during the isothermal transformation at 350°C. It is well known that
during the bainite transformation carbon partitions from ferrite to

austenite.ll‘ga

This carbon may either remain in solution or
precipitate as carbides. However, due to the presence of Si which
retards the growth of carbides most of the carbon may still be in
solution in the austenite. Upon loading these steels in tension part
of this high carbon austenite transforms to carbon rich martensite
which is known to be brittle.17-19 An estimation can be made of the
amount of carbon in the austenite by assuming that the carbon content
of bainite is between 0.27 to 0.25% as has been shown by Matas and
nehemann.30 If the initial concentration of carbon in the steel

was 0.3 wt?, and after transformation at 350°C there is 80% bainite

with a carbon content of 0.25%7 then the carbon content in thc austenite
is 0.5%. Calculations based on diffusion data of carbon in a iron taken
from Speich46 and Smith47 have shown that the diffusion distance of
carbon during the isothermal hold is ~45 um. This distance is large
enough to allow carbon concentration to build up in the retained

austenite. Previous studies have shown that 0.4% is the maximum

allowable concentration of ecarbon in austenite which will not transform



to brittle martcnsil:e.”“]'9 The results obtained from the specimens

isothermally transformed at 350°C énd tempered at 400°C show that the
nodified stecl having the least amount of retained austenite, i.e. the
steel containing 1.0 wt%Si has both the hiphest yield strength and the
highest toughness while the steels having successively higher amounts
of austenite due to their higher Si comtent have successively lower
toughnesses.

In order to verify the effect of the untransformed high carbon
asvstenite on the mechanical properties of these steels, tensile and
CTS blanks of the alloy containing 2.0 wt%Si were transformed at 350°C
and immediately quenched in liquid nitrogen (LN) and held until they
cooled down to LN temperature (~196°C). The effect of refrigeration
was to transform part of the austenite to martensite. The tensile
properties and the amount of untransformed austenite of the LN-quenched
steel are sliown in Table 4 and in Figs. 11 and 12 respectively for all
tempering temperatures and the plane strain fracture toughness is
plotted in Fip. 4 for the steel tempered at 400°C.

While the amount of untransformed austenite prior to testing was
lower in the LN quenched alloy and its yield strength consoquently
higher, the plane strain fracture toughness increased from 85 ksiv/in
to 101 ksivin. The results indicate that reducing the amount of brittle
martensite which formed when the austenite transformed on loading and
replacing it with a hieh carbon but tempered martensite increased the

toughness of the ailoy.
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2, Isothermal Transformation at 250°C

The tensile strength of all the modified alloys isothermally
transformed at 359°C was considerably lower than that obtained for the
0il quenched alloys. In order to increase the strength of the steels
an isothermal transformation temperature, lower then the Ms temperature
of the steels, was chosen. The isothermal temperature 250°C is
approximately 50°C below the Ms temperature of all four steels investi-
gated. The mechanical properties of the steels isothermally trans-
formed at 250°C are shown in Figs. 13 and 14 and in Table 5 as a
function of the tempering temperature. The amount of untransformed
austenite and its transformation behavior upor loading in uniaxial
tension are summarized in Figs. 15 through 20.

The isothermal transformation of these steels below the Hs
temperature introduces varying amounts of martensite (depending on
their composition) into the microstructure. The amount of untransformed
austenite increased with increasing Si content and the yield strength
decreased accordingly. The effect of the retained austenite on the
yield strength is best cbserved by comparing the results obtained from
untempered specimens and specimens tempered at 256°C, with the results
obtained from specimens tempered at higher temperatures. During temsile
stressing the yicld strength (which is measured at 0.2% strain offset)
will decrease if martemsite forms under the applied load (as has been
demonstrated for "™RIP" sLeelszz). The stability of the austenite with
respect to stress,as measured by the vertical distance between the

plotted lines in Figs. 14-17,in the first group of specimens was by far
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smaller than that in the second group. This results in the drastic
increase of the yield strength observed when tempering the tensile
specimens at a temperature higher than 250°C.

Two reasons can lead to this difference in austenitec stability.
First, the specimens in the first group, i.e. untempered specimens and
specimens tempered at ?50°C are likely to have unrelieved stresses
resulting from quenching. These stresses coupled with the loading
stresses can trigger the y+a transformation at a load lower than that
required for the initiatfon of transformation in specimens of the second
group. Secondly, a difference in stability of retained austenite arises
from its response to tempering. Measurements of the amount of retained
austenite before 4nd after tempering have shown that part of the
austenite undergoes a phase transformation during the tempering
treatment. The results are plotted in Fig. 16. The results show that
maximum amount of austenite decomposition occurred during tempering
at 300°C. Since this decomposition involves a 3% volume expansion the
remaining untransformed austenite is constrained by a compressive
stress that can mechanically stabilize the austenite.

It is interesting to note that the temperature at which the maximum
amount of the retained austenite transformed, i.e. 300°C, is very
close to the Ms temperature of these steels. Apparently at this
temperature the thermodynamic driving force for the transformation is
strong enough and the kinetics of carbide growth, which deplete the
austenite of carbon, are rapid enough to cause this maximum in

austenite transformation.
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The ultimate tensile strength of all of thc four alloys decreased
cont inuously with increasing tempering temperature. While the
unmodified stce! had the highest yield strength, the steel containing
3.0 wtXSi had the highest tensile strength. The change in ultimate
tensile strength with variation in Si content can be attributed both
to the effect of the TRIP phenomenon which is largest in this steel
and to the solid solution strengthening of the Si.

The carbon content of the austenite retained after transformation
at 250°C is different from that obtained by transforming the steels
at 350°C. Wnen the steel is quenched into the salt bath at 250°C about
30 to 40 percent (depending on composition of the austenite) transforms
to martensite. Since the martensitic transformation is a diffusionless
transformation the carbon content of the martensite is the same as
that of the parent austenite, in this case 0.3 wtZ.

After the initial martensitic transformation has taken place, an
Isothermal transformation occurs as indicated by a volume expansion

in a dilatometer specimen. The exuct nature of the isothermal trans-
formation product was nol determined in this investigation, but the
volume change indicated that there was a structural change from fcc to
bee or bet, This would suggest that the isothermal product was ecither
bainite (which has a carbon conteat of 0.2 - 0.25%30) or martensite
(with a carbon content of 0,3%), or both. In any case, the untrans-
formed austenite can become enriched with carbon only if carbon

part ftioniug occurs from the bafnitic product. Therefore, the austenite

carbon content would not exceed 6.4%.  As previously mentioned, this
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is the maximum allowable amount of carbon in austenite which would not
transform to brittle martensitec. Apparently, the presence of relatively
low carbon content austenite in the steels isothermally transformed at
250°C leads to fracture toughness values higher than these obtained

for steels isothermally transformed at 350°C.

Whiles the yield strengths of the modified steels were approximately
the same after isothermal transiormation at 250°C and 1 hour tempering
at temperatures equal to and greater than 250°C, the plane strain
fracture toughness of the steel containing 2.0 wt7Si was higher than
that of the other two modified stecls. This was possibly due to the
presence of austenite having optimum stability. It appeared that
transformation of austenite under load in the 2.0 wtZ51 stcel resulted
in a2 balance between the beneficial effects due to energy absorption
and relief of stresses at the crack tip on the one hand, and the
detrimental effects due to brittle phase formation on the other.

The plot of Zelongation vs the tempering temperature (Fig. 13)
indicated that an increase in the amount of Si in thc steel led to an
increase in the total elongation to fracture. The increase was
attributed to the formation of strain induced martensite which increases
the resistance to necking and enhances the elongation.

3. Isothermal Transformition at 200°C

Isothermal transformation at 200°C led to the formation of a
greater volume fraction of martensite than formed at the higher
temperatures and the volume fractions of retained austenite and

isothermal product (which will be refertd to as bainite) were lowered
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concomitantly. The amounts of phases present are shown in Table 7.
This resulted in increases in both the yield strength and the ultimate
tensile strength. The yleld and ultimate tensile strengths increased
also with increase in Si content. The mechanical properties of steels
isothermally transformed at 200°C are plotted as a function of tempering
temperature in Figs. 21 and 22 and also given in Table 8. The amount
and transformation behavior of untransformed austenite in the steels
are shown in Figs. 23 through 26.

The low temperature isothermal transformation leads to increases
in the yield strengths of the alloys as a result of the introduction of
more martensite into the structure. With this heat treatment the
modified alloys display yileld strengths exceeding 200 ksi. The results
also indicate that the solid solution strengthening effect of the Si
prevailed over its previously described softening effect resulting
from austenite retention.

The ultimate tensile strength of the steels also increased upon
lowering the isothermal transformation temperature and again the steel
containing the higher Si content had a higher tensile strength. The
valubs obtained for the steel containing 3.0 wt%Si were as high as
280 ksi in the as-transformed condiiion and 260 ksi after tempering
at 400°C.

Even though the yield and ultimate strengths of all the stecls
increased by transfTorming at 200°C the fracture toughness did not
decrease. In fact, in most cases the plane strain {racture toughness

vas greater than that obtained for specimens transformed at 250°C.
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An optimum cowbination of strength and plane sirain fracture tough-
ness was obtainea for the 2.0 wt% steel tempered at 400°C following
isothermal trancformation at 200°C. The yield strength was 207 ksi, the
ultimate strength was 240 ksi, the plane strain fracture toughness was
102 kei/in. and the room temperature CVN impact energy was 28 ft-lbs.

The good combination of strength and toughness were artributed to several
factors: At the lower isothermal transformation temperature the driving
force for the initial martensitic transformation was larger tham that

at the higher isothermal transformation temperature resulting both in

a larger volume fraction of martensite and in a finer lath or packet
size. The fine structure is probably due to the fact that at the lower
temperature more martensite nuclei actively take part in the trans-
formation and since the size of a single lath is determined only hy the
distance from the site of its nucleation to the nearest obstacle for
growth, the impingement of the laths against each other results in a
finer structure. Both the higher martensite content and the fine
structures are factors which increase toughness.35’36

To examine whether retained austenite had any additional effect on
the mechanical properties of s;eels isothermally transformed at 200°c,
specimens of the 2.0 wtZ steel were isothermally Fransformed at 200°C
and immediately quenched to liquid nitrogen. This resulted in the
transformation of part of the untransformed austenite into martensite.
The specimens were then tempered for 1 hr. at temperatures up to 400°C.
The tensile properties and the transformation bechavior of untransformed

austenite are illustrated in Table 9 and Figs. 27 and 28 for all
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tempering temperatures. The plane straln fracture toughness of the
specimen tempered at 400°C is plotted in Fig. 21. fhe toughness of the
specimen tempered at 400°C was appreciably lower than that of a

specimen which had not been quenched to liquid nitrogen. The lower
toughness was attributed to the lower amount of austenite in the specimen
quenched to liquid nitrogen.

The role of the retained austenite may also be seen by observing
the difference in toughness between the specimen of the 2.0 wt%Si steel
tempered at 250°C and 300°C following isothermal transformation ar 200°C’
and air cooling. The toughness was lower for the specimen tempered
at the higher tempering temperature (Fig. 21). This reduction in
toughness seemed to correlate well with the greater stability of the
austenite in the steel tempered at 300°C as compared to the austenite
stability in the steel tempered at 250°C (Fig. 25). As in the case of
specimens isothermally transformed at 250°C; optimum combinations of
strength and toughness were obtained for specimens transformed at 200°C
when the specimens were tempered in the temperature range of 250°C to
400°C.

All the alloys isothermally transformed at 200°C exhibited lower
toughness in the as transformed condition than in the tempered conditiom.
This indicated that the residual stresses coupled with the relatively
large instability of austenite (with respect to an applied stress) and
the large amount of brittle martensite forming by the deformation
induced transformation of austenite have a detrimental effect on the

‘resistance of the alloys to crack propagation.
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4. Quenched and Tempered Steels

Commercially AISI 4330 steel is commonly used in the quenched and
tempered condition. It was of interest therefore, to study the effect
of Si additions on the mechanical perperties of the steel after it
was quenched and tempered. The mechanical properties are plotted in
Figs. 29 and 30 and are also shown in Table 10. The amount and
transformation behavior of retained austenite in the quenched and
tempered steels are plotted in Fig. 32 through 34,

By comparing the results obtained for specimens of commercial
ATIST 4330 steel with those obtained for the S1 modified steels, two
important effects of S1 additions were observed:

1) The strength and the plane strain fracture toughness of the
modified steels were higher than those of commercial AIST 4330 steel.

2) The "martensite embrittlement” range as seen from Fig. 29 was
shifted from around 300°C in the commercial steel to around 500°C in
the modified steels.

The strengthening effect of the Si is so dramatic that the yield strength
of the 3.0 wtZ%Si steel was higher in some cases than the ultimate tensile
strength of the unmodified steel; and yet, the plane strain fracture
toughness was not much lower and, in some cases, (as quenched, and

300°C temper) was even higher. A

The effect of 5i on toughness can be explained on the basis of its
effect on the growth of carbides. The "temperced martensite” embrittle-
memt is associated with the formation of carhide films at lath bounda-

ries.zs By retarding the growth of those carbides the Si modified
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steel can be tempered at higher temperatures and thus stress relieved

more cffectively.37

In the quenched and tempered condition, as was the case in the
isothermally transformed condition, the steel modified with 2.0 wt%Si
showed the best combinations of tensile strength and fracture toughness.
The values of 220 ksi for yield strength 260 ksi for tensile strength,
and 107 ksi/in for plane strain fracture toughness and CVN impact energy

of 28 ft-1b. represent a typical good combination of properties.

B. Microscopy

1. Scanning Electron Microscopy

Scanning electron microscopy was used to study the surface of
specimens which had been tested for fracture toughness, in order to
characterize their mode of failure. Three basic modes of fractures,
as described by Beachem and Pelloux,38 were observed in all the
specimens. These were:

a. Dimpled rupture or microvoid coalescence

b. Quasi-cleavage

¢. Cleavage.

Since different areas of most specimens showed different modes of
fracture an attempt was made to select only those fractographs which
show the dominant mode of fracture in each specimen.

The fractographs shown in Figs. 35 through 37 are representative
fractographs taken from specimens whichhavc been isothermally transformed

at 350°C. Tt is interesting to note that all specimens except the ome
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which was refriperated to liquid nitrogen temperature (Fig. 37b) show
quasi-cleavage as the main mode of ;racture. The presence of this

mode of fracture, both in the untempered specimens Fig. 35 and in the
tempered -specimens (Fig. 36 and Fig. 37a), is also associated with

high fracture toughness (over 100 ksiv/in in the case of the 1.0 wrZSi
steel). The fracture appearance was attributed to the presence of
retained austenite (in amounts as high as 20% in the 3.0 wtZ5i steels).
As pentioned earlier, the retained austenite was very rich in carbon
and presumably transformed to a carbon rich martensite which is brittle,
particularly when untempered.

The size of the quasi-cleavage facets shown in all the fractographs
is at least an order of magnitude larpger than the size of the retained
austenite films (as shown in the TEM micrographs in a different section).
It seems, though, that the fractographs give us cvidence, on a macroscopic
scale, about the behavior of the material on a microscopic scale. ‘the
detrimental effect of retained austenite on fracturc toughness wis also
cvident from the fractograph in Fig. 37b. The fractograph was obtained
from a 2.0 wt%Si steel which was cooled down to I#quid nitragen tempera-
ture (-196°C) immediately following isothiermal tramsformation at 350°C.
A part of the retainced austenite transformed when the steel) was cooled
to -196°C and the planc strain fracture toughness increased from 85 to
100 ksiviu. Fractographs of the specimen showed a considerable
amount of diwmpled rupture whizh = a mode of fracture usually

assaciated with high enerpy absorption.
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In fracture specimens of stecls isothermally transformed below the
“s‘ the fracture morplinlogy was wmainly dimpled rupture with some quasi-
cleavage features. The {ractographs of specimens transformed at 250°C
arc shown in Fig. 38 through 40,

In specimens which were isothermally transformed at 200°C the main
mode of fracture was dimpled ruprure with very few quasi-clenvage areas.
Nere, as in the case of specimens isothermally transformed at 250°C,
the as cooled specimens had high roughness., This was due to tempering,
during isothermal hold, of the martensite which formed on guenching
from the austenitizing temperature to the f{sothermil hold temperature.
A typicial fracture surface of the as-cooled specimens is shown in
Flg. 41 which is a fractograph of a 3.0 wrZS{i specimen. The main mode
of fracture ~ microveid coalescence - was alse found in tempered
specimenn as cvident in Figs, 42, 43, 44, and 45. On the basis of
these fractographs it =as concluded that tempering the modificd steels
at temperatures as high as 400°C did not change their mode of fracture.

The unmedifiecd stecl, on the other hand, showed a drastic change
in the mode of fracture when tempered at 400°C as scen in Fig. 45b,

The dominant wode of fracture in this specimen was quasi-cleavage with
very little dimpled rupture. This difference iu fracture mode between
the modified and unmodificed steels was due to the effect of silicon on
the “tempered martensite emhritticment” range in these steels. While
there was no evidence of embrittlement, (represented by quasi-cleavape
mode of fracture), in the mediffed steels when tempered at 400°C, the

unmadified 4330 steel clearly showed cvidence of embrictlement.
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The same changes in mode of fracture, which were observed in the
unmodified steel isothermally transformed at 200°C, were also seen in
the quenched and tempered specimens. Figures 46 and 47 show a sequence
of fractographs taken from specimens of the unmodified steel which were
011 quenched and tempered at various temperaturcs. While the as-—quenched
specimens and the specimens quenched and tempersd at 250°C (Fig. 46)
show dimpled rupture, the specimens tempered at 305°C and 400°C (Fig. 47)
feature mainly a quasi~cleavage mode of fracturc which indicated that
these steels were embrittled by the tempering at temperatures higher
than 250°C. The same was not true for the modified steels. All
quenched and tempered specimens of modified steels showed a ductile
rupture mode of fracture as long as thc tempering temperature did not
exceed 400°C.! Typical fractographs are shown in Figs. 48 through 50.
Strong evidence of embrittlement and intergranular cracking is scen in
Fig. 51 which is a fractograph of a 2.0 wt?Si steel tempered at 500°C.
The intergranular cracking can be secn both in the fatiguc precracked
area Fig. 51b and in the fast fracture area of the specimen Fig. 5la.
1t i{s intcresting to note that the embrittlemenc in the modified steel
occurred folluwing tempering at a temperature higﬂ cnough to transform a
large volume fraction of retained austenite to ferrite and carbide.

Various types of inclusions were observed in all the steels used
in the pruesent investigation. The inclusions apparently served as crack
initjation sites in specimens loaded in tension. Tearing of the matrix
around inclusio.s resulted in the formation of the cup-like dimples

observed on fracture surfaces. Inclusions were observed at the bottom



~27-~

of these dimples. Most of these inclusions have been analyzed to be MnS
particles but their actual composition may vary. Figure 52a shows a SEM
fractograph illustrating inclusion iﬁ a 3.0 wt%5i steel specimen. The
EDAX output obtained from the inclusion is shown in Fig. 52b. The peaks
(from left to right) are from Al, Si, Ca, En, FeKu and FeKB. Figure 53
shows a diYferent area of the same specimen with an inclusion which
contains S§i, Cr, ¥n, and Fe.

2. Optical Microscopy

Using the optical microscopy, it is.very difficult, if not impos-

-sible, to differentiate between lower bainite and martensitic structures
in steels. Therefore, no attempt was made to use optical micrographs

to differentiate between the isothermal and the athermal transformation
products in the structure as it appears in the optical micrographs.
Optical microscopy was used mainly to characterize the grain size of

the specimens after heat-treatment and to provide general information
about the microstructures involved.

A representative set of micrographs of specimens isothermally
transformed at 350°C is shown in Figs. 54 and 55. The prior austenite
grain sizes of all the specimens were almost the same (ASTM 7) as that
showa in Fig. 54a.

Figure 54b is a micrograph of a 3.0 wtZSi in which light spheres
of wntransformed ferrite can be observed. The bainite laths are clearly

seen but the morphology of the austenite, which is known to be present
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in the steel, cannot be determined from these micrographs and electron
transmission microscopy had to be used for this purpose (see next
section).

The next two micrographs (Fig. 55a,b) show the structure of the
steels after tempering at 400°C, in which the carbides that formed
during thes tempering stage can be seen.

The microstructures which were obtained after transformation below
the Ms temperature were all very similar to each other. The main
difference between the isothermally transformed and oil quenched
structures was in the relative sizes of the laths which were smaller in
the oil quenched specimens. This was explained by the lower trans-
formation temperature which increases the driving force for the
transformation and leads to a larger number of lath nuclei growing
simultaneously. The impingement on each other of the growing laths
stops their growth and a finer transformation product is obtained.
Examples of the microstructures obtained by isothermal transformation
at 200°C and by oil quenching are shown in Figs. 56 through 58.

Figure 56a and b are optical micrographs of a 2.0 wt%S5i steel isothermally
transformed at 200°C and tempered at 300°C and 400°C respectively.
The structure is a fine mixture of martensite and the isothermal
product which formed during the isothermal hold. In the 3.0 wt¥Si
steel Fig. 47 a few traces of untransformed ferrite can be clearly
seen (marked by an arrow).
The martensitic structure Fig. 58 is a mixture of lath and plate

martensite with the lath structure being the dominant feature. The
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retained austenite, while present, could not be detected from these

pictures.

3. Transmission Electron Microscopy

Electron microscopy studies were employed to characterize the
microstructure and to determine the morphology and distribution of
retained atstenite. 1t was observed that retained austenite was
distributed as thin fllms around either bainite or martensite laths.
This observation is in agreement with other studies of similar steels.3h
The same morphology of the untransformed austenite was found in all
the steels of the present investigation irrespective of their composi-
tion and heat treatment. No large "bulks" of austenite were found
even in the stcels containing up to 20 wt¥ of untransformed austenite.

Figure 59 shows the transmission electron micrographs of a 2.0 wt%Si
steel transformed at 350°C and tempered at‘400°c. The microstructure
is very similar to the one reported by Huang and Thomas39 for a
similar Si steel. The dark field micrograph of the austenite spot
(Fig. 59b) shows reversal of contrast of austenite areas. It is
evident that the films of retained austenite follow the laths bounda-
ries' and then bend into the bainite matrix. The two other dark field
micrographs Fig. 59¢,d show two twin-related bainite laths - a feature
which was occasionally observed in these structures.

The next series of electron micrographs shous the microstructure
of the 2.0 wtZSi steel isothermally transformed below the “s temperature.

(This composition was chosen since that stecl had the best combination

of properties). TFigures 60 through 62 show the microstructure of a
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specimen wvhich was transformed at 200 and air cooled. The general
structure is that of dislocated lath martensite with retained austenite
films between the laths. This can be best seen in the bright and
dark field micrograph~ of Fig. 60.

Analysis of the diffraction pattern, given in the line drawing of
Fig. 68c (gzee Ref. 52) -shows that the oriemtation between the austenite
and martensite has the Kurdjumov~Sachs relationshipho i.ec. (111)¢'(011)a'
(110)¢“111)u' Occasional martensite twinning was observed as
i1lustrated in Fig. 61. Some of the laths contained very fine wavy
precipitates as illustrated both in Fig. 60 and Fig. 62. Tic¢ grecipitates
were so fine that they did not give rise to a distinct diffraction
pattern and so they were not unambipuously identified. The habit plane
of the precipitates was not any of the known habit planes for £ carbides

or cementite 13 and this too contributed to the difficulty in

identification.

Figures 63 through 65 show the microstructure of the 2.0 wtXSi
steel having undergone the same héat treatment plus tempering at 400°C.
While the retained austenite is still present, the carbides are coarser
in size and are evident in the dark field image of a carbide diffraction
spot (Fig. 63). Analyals of the diffraction pattern showed that the
matrix orientation was [110]. The carbide spot which was used to
obtain the dark {ield image of the carbides was indexed as a (022)
cementite reflection. Two other carbide diffraction spots were identi-
fted as (042) and (022) cementite (see Fig. 63c). The long axis of the

carbides is perpendicular to the 112 dfrection of the matrix indicating
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that they have probably been nucleated on twin boundaries. This was
in agreement with the observations made by Kelly and Nuttingaa and by
Huang and 'l'hc-mns.l‘5

The two electron micrographs Fig. 66 and Fig. 67 show the structure
of the 2.0 wtZ%Si steel quenched and tempered at 300°C. The micro-
structure Ys that of a dislocated lath martensite with carbides
present in some of the laths. Untransformed austenite was present in
small quantities and can be clearly seen in the dark field micrograph
of Fig. 66. Some evidence of microtwinning can be seen in the bright
field image cof this figure but the twinning was not extensive and
wost of the structure was similar to that shown in Fig. 67.
4. Summary

Isothermal transformation above the Ms (300°¢), i.e. at 350°C
resulted in steels having various levels of retained austenite. The
higher the amount of silicon in the steel the higher was the amount
of retained austenite which was retained as thin films between the
bainite or martensite laths. The mechanical properties of the steels
transformed at 350°C were characterized by low yield strengths ranging
from 140 to 180 ksi and moderate ultimate strengths in the range of
200 t; 220 ksi. The ductility increased with increasing amounts of
retained austenite while the plane strain fracture toughness decreased
as the amount of austenite increcased. The dominant mode of fracturc in
all the modified steels was quasi-cleavage thereby reflecting the
detrimental cffect on toughness of the carbon enriched retained

austenite which transformed, during testing, to martensite. TIsothermally
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transforming the steels at temperatures below their Hs temperature
did not change the morphology of the austenite. The amount of the
austenite and its carbon content, however, decreased with the decrease
in isothermal transformation temperature.

A marked improvement in properties was observed at the lower
isothermaletransformation temperatures, accompanied by a change in
the mode of fracture from mainly quasi-cleavage for steels transformed
at the highef temperature to mainly dimpled rupture for steels
transformed at the lower temperature. This was attributed both to the
introduction of martensite into the microstructure and to the bencficial
effects of the Y+a transformation, during testing, of a low carben
austenite,

A selected number of experimental results obtained in the present
investigation are plotted in Figs. 69 and 70. The figures are plots
of the bands of toughness vs. yield strenggh or ultimate strength
for several steels. It is seen that the strength-toughness combhination
of steels in the present investigation compared favorably with the

expensive maraging steels.
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IV. CONCLUSIONS

The steels studied in the present investigation were AISI 4330
and AISI 4330 modified with additions of 1.0, 2.0 and 3.0 wt%Si. All
steels were austenitized 1 hour at 900°C and then transformed at
various temperatures. The general conclusions which pertain both to
stecls isothermally transformed below and above the Ms temperature are:

1. The amount of austenite which was retained in steels cooled
Lo room temperature from the isothermal transformation temperature
increased with an increase in the Si content.

2. The untransformed austenite was retained as thin films around
sainite or martensite laths.

3. During tempering some of the retaired austenite underwent a
. 1se transformation. A peak in the amount transformed during tempering
was observed to occur around the 300°C tempering temperature. Most of
*hc retained austenite decomposed after tempering around 600-650°C for
i hour.

4. ‘The stability of the retained austenite to stress/strain
increased with increased in the tempering temperature up to 350-400°C

and then decreased.

5. The higher the amount of retained austenite the larger was the
ductility of the steel.
6. The higher the amount of Si the higher was the tensile strength.

The conclusions which can be drawn from the results of transforma-

‘tion at 350°C are:
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1. The higher the amount of retained austenite the lower was the
yield strength of the steel.

2. The higher the amount of (carbon rich) austewnite the lower was
the plane strain fracture toughness of the steel.

The conclusion from the investigation of sepcimens transformed
below the Ms temperature are:

1. The transformation of the austenite (less enriched in carbon)
under stress/strain had a beneficial effect on the plane strain
fracture touglmess of the steels.

2. Optimum combination of amount and stability to stress/strain
of the austenite were observed in steels modified with 2.0 wtZ5i and
these were the steels with the best mechanical properties.

3. Best combination of strength and toughness, i.e. 220 ksi yield
strength and 107 ksivin plane strain fracture toughness werc observed
in the 2.0 wtZSi steel which was oil quenched and tempered at 300°C.

4. Good combinaéion of properties were also obtained for steels
isothermally transformed at 200°C. The best values were 208 ksi yield
strength with 102 ksivin. plane strain fracture toughness.

5. Si additions to AISI 4330 steel shifted the “martemsite

embrittlement” range to higher temperatures (from 250-300°C to around

500°C).
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Table 1. Composition of Alloys
Alloy Composition -
C Mn P S 51 Cr Ni Mo Va Cu__Fe
AIST 4330 .29 98 .011 .008 .29 .89 1.84 47 .10 .11 Bal.
4330+1.051 .30 " " " 1.36 " " " " " "
4330+2'051 .28 ” " ”" 2'25 " " ” " " "
4330’*’3-051 .28 n " " 3.26 " " ” " " ”"

—ov.-
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Table 2. Transformation temperatures for AISI 4330 steel with and
without Si austenitized at 900°C.

5i As Af Ms Mf
°c °C °c °c
0 650 820 320 170
1.0 690 870 320 160
2.0 710 890 310 160

3.0 710 890 300 160




Table 3. Mechanical properties of AISI 4330 steel with and without S sustenitized 1*hour at 900°C,
isothermnlly transformed 1 hour at 350°C and tempered } hour.

Tens!le Properties

Fracture Properties

weast Tempering Wardness 0.22 Ultimate  ZElongation Kic Specimen KIC 2
Temperature R Yield Tensile 1.6 in. Fracture Wifth 2.5(3—— ) K /X
* ¢ Strength  Strength  Gauge Length  Toughnesa Inches ys max’ "qQ
j 3314 KSY KST ¥inch
0% - 176 206 6.5
250 174 m7 6.7
300 176 204 6.8
350 168 203 6.8
400 167 198 7.2 1 W79 A4S 1.0
4 - 169 21t 10.6 1!9(qu .71 1.15 1.14
250 165 215 10.2 IAD(KQ) 7.1 1.6 1.28
300 172 212 9.5
350 167 21t 10.2
400 169 209 10.8 111 #94 1.08 1.06
2z - 161 217 13.8 85 T2 .70 1.24
250 153 216 13.8 76 .72 .62 1.46
300 158 215 13.2
350 154 216 13.6
400 159 214 13.4 B3 194 L7 1.12
z - 142 3 14.8 59 .66 .43 1.13
250 150 231 14.8 54 .66 .32 1.29
300 147 229 15.7
350 149 2n 1.5
400 131 231 15.5 77 .96 .h5 1.12

~zr-



Table 4. Mechanfcs! properties of AISI 4330 steel 42.0 ZwtS{ austenitized 1 hour at 900°C, isothermally
transformed I hour at 350° quenched to 1iquid nitrogen (-196°C) and tempered 1 hour.

Tempering Hardness 0.22 Ulttmate 2Elonpation Kyc Fracture Speciman ch 2
Temperature R Yield Tensile 1.0 in. Toughness width 2.5 (—} K /K

° Strength  Strenpth  Gauge Length KS1/inch Inches Sys max’ "Q

KSI KST

- 64.0 158 219 14.0

250 52.9 156 217 14.5

300 43.3 161 214 14,2

350 44.0 157 216 15,5

400 43,2 167 214 13.6 101 .6k .91 1.18

450 39.3 157 205 11.8

=g Y=



Table 5. Machanical preoperties of AISI 4330 steel with and without 51 austenitized 1 hour at 900°C,
isothermnlly transformed 1 hour at 250°C.and tempered 1 hour,

Tensile Propertiea Fracture Properties,
we2si Tempering Hardness 0,22 Ultimate %Elongat Lon Kie Specimen Ic .2
Temperature R Yleld Tensile 1.0 in. Frarture Width . 2.5(— )" x_ /K
°c ¢ Strength Strength GCaupe Length  Toughness inches "yﬂ mar Q
KSI KS1 KS1 Yinch
0% - 49.3 17¢ 243 7.9 57 .82 .26 1.03
250 48.5 195 242 7.2 55 .81 .20 1.01
300 47.0 199 240 6.2
350 47.0 204 235 5.8
400 45.5 200 224 5.4 66 .82 .27 1.04
1% - 48.0 159 240 8.0 a8 .67 .77 1.12
250 47.9 162 240 10.0 92 .67 .81 1.03
300 47.5 191 230 7.7
350 46.3 192 225 9.2 .
400 46,2 189 219 10.0 75 94 .19 1.7
22 - 47.8 151 245 10.5 85 .84 .79 1.12
250 47.6 159 240 10.3 100 .80 .99 1.06
300 45,9 193 235 1.7
350 47.0 192 229 12.7
400 46,9 194 228 14.4 B4 .94 .47 1.08
k74 - 49.4 143 259 1.4 72 .67 .63 1.03
250 48.8 157 246 13.4 76 .67 .59 1.04
300 4B.5 186 240 15.8
35¢ 48.3 190 238 16.7

400 4B.2 192 235 18.6 67 .94 .30 1.10

~oy=
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Table 6. Phase percentages of 250°C isothermally held AISI 4330 Steel
with and without Si.

Silicon Martensite Bainite Retained
% z Z Austenite
%
Unmodified 41 51 8
1.0 36 48 16
2.0 38 44 18

3.0 42 38 20
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Table. 7. Phase Percentages of 200°C Isothermally held AISI 4330 Steel
with and without Si.

Silicorr Martensite Bainite Retained
3 Z % Austenite
A
Unmodified 60 27 13
1.0 65 25 10
2.0 67 22 11

3.0 62 27 11




Tahle 8 Mechanical properties af +7SI 4337 stes. with ond without 51 austenftized 1 hour at 200°C,
1spthermally transformed . hooy at 200°C and tempered 1 hour.

Tensile Mroperties Fracture Propertien
we%st Tempering lHardness 0.2% Ultimate  ZElongatfon Kyo Spec!m;L Kie 2
Temperature R Yield Tensile 1.0 in, Fracture Wideh 2.5(—= )" K /X
c Serength  Strenpth Gaupe Length  Toughness Inehes Oys max’Q
KS1 KSI KS1v¥inch
0z - 49.2 154 253 8.0 57 17 .34 1.04
259 48.3 196 243 7.0 73 .81 .35 1.04
100 46,7 194 229 h.8
350 45.9 190 220 7.2
400 44.3 187 21 7.0 70 .00 .35 1.00
12 - 50.8 165 263 10.4 n &7 46 1.06
250 49.8 191 245 8.3 104 87 .74 1.03
300 49.0 203 245 7.1
350 48.0 203 216 5.3
400 47.2 196 227 10.0 92 .7 .55 1.15
2z - 50.4 195 270 8.6 77 .80 .39 1.21
250 49.7 196 251 8.1 100 .80 .65 1.0
300 49.8 202 246 7.0 94 .66 .54 1.02
350 49.7 204 244 8.6 .
400 49.2 208 240 5.6 102 .23 60 1.02
” - 52.6 195 279 8.0 6D 84 <24 1.02
250 51.5 210 267 7.6 62 .84 .22 1.00
300 51.6 210 261 7.6
350 5l.2 209 257 6.8
400 51.0 224 257 6.4 a3 .93 .35 1.01

-IY=



Toble 9, Mechanienl propertier af AISY 4330 sreel +2.0 weX51 austenttized ! hour at 9007C, fsuthermally
transformed 1 hour at 200°C, quenched to 1f{quid nltrogen (-196°C) and tempered 1 houw,
Tempering Hardnesn 0.22 Ultimate ZElanpation Ki¢ Fracture  Specimen KIC 2
Temperature R, Yield Tenaile 1.0 in. Touphness Wideh 2.5 {;—) X !Kq
°c = Streopth  Strength  Cauge length KSt/Inch Inrhen y8 max
kst KST
- 50.2 203 271 7.9
250 50.% 216 263 6.0
300 49.4 214 259 7.0
ano 48.9 222 251 6.7 76 66 .29 1.00

-gy=



Table 10, Mechanical propertfes of AIST 4337 sreel with and without 51 austenltized ! hour ac 900°C oil
quenched and tempered 1 hour,

Tencile Properties Fracture Propertiea
WelSt Tempering Hardness 0.2 Ultimate  2ZElonpat{on Kie Specimen KIc 2
Temperature R Yield Tersile 1.0 tn. Fracture wideh 2.5(3=) KK
c - € Strength Strength  Gaupe length  Toughness Inches ys max’Q
%81 K51 ¥s1/inch
ox - $1.9 189 267 8.0 36 .R0 .09 1.11
250 49.6 210 246 6.0 78 .77 .34 1.04
300 48.3 204 244 6.3 57 .80 e 1.05
350 46 .4 200 234 6.5
400 45.4 200 224 6.h 91 .78 .52 1.05
1% - 50.6 218 282 7.4 97 .72 .50 1.15
250 49, 219 259 f.3
300 48.9 214 251 5.8 104 .67 .60 1.03
350 48.6 203 238 6.0
4no 47.4 204 233 7.9 89 .94 4B 1.01
22 - 53.0 217 282 6.4 74 .84 .29 1.0
250 50.9 216 258 5.4
on 50.7 22% 263 5.6 107 .84 .59 1.01
350 51.0 216 256 6.6
400 49.7 220 252 6.3 91 .93 W41 1.01
san 55 .66 1.0t
2 - 51.6 234 05 6.9 (3] 67 .08 1.5
250 52.B 233 282 6.8
00 52.0 232 274 7.5 7 .67 2% 1.06
350 52.0 236 274 6,1
4no 51.8 2% 269 6.1 75 .93 .24 1.00
450 50.1 226 260 6.7
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FIGURE CAPTIONS

a) Orientation of specimens with respect to the forged bar,

b) Dimensions of flat temsile specimens, c) Dimensions of
compact tension specimens.

Dimensions of:a) Charpy V-notch specimens and b) round tensile
specimens,

Schematic diagram of magnetic saturation device (from Ref. 28).
Mechanical properties of AISI 4330 steel with and without
silicon isothermally transformed at 350°C.

Hardnesses of AIST 4330 steel with and without silicon
isothermally transformed at 350°C.

Volume fraction of retained austenite vs. silicon additions
for AIST 4330 steel isothermally transformed at 350°C.
Variations in the volume fraction of retained austenite as

a function of strain (during tensile testing) and temperiung
temperature for unmodified AISI 4330 steel isothermally
transformed at 350°C.

Variations in the volume fraction of retained austenite as a
function of strain (during tensile testing) and tempering
temperature for AISY 4330 steel plus 1.0 wtZS5i isothermally
transformed at 350°C.

Varfations iu the volume fraction of retained austenite as a
function of strain (during tensile testing) and tempering tem-
perature for AISI 4330 steel plus 2.0 wtiSi isothermally

transformed at 350°C.
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11.

12,

13.

14.

15.

16.
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Variations in the volume fraction of retained austenite as a
function of strain (during tensile testing) and tempering
temperature for AISI 4330 steel plus 3,0 wtZSi isothermally -
transformed at 350°C.

Mechanical properties of AISI 4330 steel plus 2.0 wtZSi
isothermally transformed at 350°C and quenched in liquid
nitrogen (-196°C).

Variations in the volume fraction of retained austenite

as a function of strain (during tensile testing) and tempering_
temperature for AISI 4330 steel plus 2.0 wtZSi isothermally
transformed at 350°C and quenched in liquid nitrogen (-196°C).
Mechanical properties of AISI 4330 steel with and without
silicon isothermally transformed at 250°C.

Hardnesses of AISI 4330 steel with and without silicon
isothermally transformed at 250°C.

Volume fraction of retained austenite vs. silicon additions
for AISI 4330 steel isothermally transformed at 250°C.
Variations in the volume fraction of retained austenite as

a function of strain (during tensile testing) and tempering
temperature for AISI 4330 steel with silicon additions
isothermally transformed at 250°C. Thése measurements differ
from other retained austenite measurements because the

magnet ic saturation blanks were .05"x.56"x2,75".
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Fig. 18.

Fig. 19.

Fig. 20.

Fig. 21.

Fig. 22.

Fig. 23.
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Variations in the volume fraction of retained austenite as a
function of strain (during tensile testing) and tempering
temperature for unmodified AISI 4330 steel isothermally
transformed at ZSO?C.

Variations in the volume fraction of retained austenite as a
function of strain (during tensile testing) and tempering
temperature for AISI 4330 steel plus 1.0 wt%ZSi isothermally
transformed at 250°C.

Variations in the volume fraction of retained austenite as
a function of strain (during tensile testing) and tempering
temperature for AISI 4330 steel plus 2.0 wt%Si isothermally
transformed at 250°C.

Variations in the volume fraction of retained austenite as

a function of strain (during tensile testing) and tempering
temperature for AISI 4330 steel plus 3.0 wt%Si isothermally
transformed‘at 250°C.

Mechanical properties of AISI 4330 steel with and without
silicon isothermally transformed at 200°C.

Hardnesses of AISI 4330 steel with and without silicon
isothermally transformed at 200°C.

Variations in the volume fraction of retained austenite

as a function of strain (during temsile testing) and tempering
temperature for unmodified ATISI 4330 steel isothermally

transformed at 200°C.
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Variations in the volume fraction of retained austenite as a
fﬁnction of strain (duriﬁg tensile testing) and tempering
temperature for AISI 4330 steel plus 1.0 wtXS1 isothermally
transformed at 200°C.

Variations in the volume fraction of retained austenite as

a function of strain (during tensile testing) and tempering
temperature for AISI 4330 steel plus 2.0 wt%Si isothermally
transformed at 200°C.

Variations in the volume fraction of retained austenite as

a function of strain (during tensile testing) and tempering
temperature for AIST 4330 steel plus 3.0 wtZSi isothermally
transformed at 200°C.

Mechanical properties of AISI 4330 steel plus 2.0 wtZSi
isothermally transformed at 200°c and quenched in liquid
nitrogen (-196°C).

Variations in the volume fraction of retained austenite as a
function of strain (during tensile testing) and tempering
temperature for AISI 4330 steel plus 2.0 wt%Si isothermally
transformed at 200°C and gquenched in liquid nitrogen (-196°C).
Mechanical properties of o0il quenched AISI 4330 steel with
and without silicon.

Hardnesses of oil quenched ATSI 4330 steel with and without

silicon.
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33.

34,

35.

36.

37.

38.
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Variations in the volume fraction of retained austenite as a
function of strain (during tensile testing) and tempering
temperature for oil quenched unmodified AISI 4330 steel.
Variations in the volume fraction of retained austenite as a
function of strain (during tensile testing) and tempering
temperature for oil quenched AISI 4330 steel plus 1.0 wtZSi.
Variations in the volume fraction of retained austenite as a
function of strain (during temsile testing) and tempering
temperature for oil quenched ATISI 4330 steel plus 2.0 wt#Si.
Variations in the volume fraction of retained austenite as a
function of strain (during tensile testing) and tempering
temperature for oil quenched AISI 4330 steel plus 3.0 wt#Si.
SEM fractographs of fracture toughness specimens isothermally
transformed at 350°C. a) AISI 4330 plus 2.0 wt%Si. b) AISI
4330 plus 3.0 wt%Si.

SEM fractographs of fracture toughness specimens isothermally
transformed at 350°C and tempered at 400°C. a) AISI 4330
plus 2.0 wtZSi. b) AISI 4330 plus 3.0 wt%Si.

SEM fractographs of fracture toughness specimens isothermally
transformed at 350°C. a) AISI 4330 plus 2.0 wt%Si tempered
at 400°C. b) AIST 4330 plus 2.0 wt%Si refrigerated in LN and
tempered at 400°C.

SEM fractographs of fracture toughuess specimens isothermally
transformed at 250°C; untempered. a) AISI 4330 plus 1.0 wt%Si

b) AISI 4330 plus 2.0 wtZSi.

[y
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41.

42,

43.

44,

45,
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SEM fractographs of fracture toughness specimens isothermally
transformed at 250°C, a) AISI 4330 plus 2.0 wt%Si tempered at
250°C. b) AIST 4330 plus 2.0 wt%Si tempered at 400°C.

SEM fractorgraphs of fracture toughness specimens isothermally
transformed at 250°C and tempered at 400°C. a) AISI 4330 plus
3.0 wt%si.

SEM fractograph of a AISI 4330 plus 3.0 wtiSi fracture
toughness specimen isothermally transformed at 200°C;
untempered.

SEM fractographs of fracture toughness specimens isothermally
transformed at 200°C and tempered at 250°C. a) AISI 4330

b) AISI 4330 plus 1.0 wt%Si.

SEM fractographs of fracture toughness specimen isothermally
transformed at 200°C. a) AISI 4330 plus 2.0 wt%Si tempered
at 250°C b) AISI 4330 plus 2.0 wt%Si tempered at 300°C.

SEM fractographs of fracture toughness specimens isothermally
transformed at 200°C. a) AISI 4330 plus 2.0 wtZSi tempered
at 400°C. b) AISI 4330 plus 2.0 wt%Si refrigerated to LN and
tempered at 400°C.

SEM fractographs of fracture toughness.specimens isothermally
transformed at 200°C. a) AISI 4330 plus 3.0 wt%Si tempered
at 400°C. b) Unwodified AISI 4330 tempered at 400°C.

SEM fractographs of unmodified AISI 4330 fracture toughness
specimens, a) 0il quenched; untempered. b) 01l quenched and

tempered at 250°C.



Fig. 47.

Fig. 48.

Fig. 49.

Fig. 50.

Fig. 51.

Fig. 52.

Fig. 53.
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SEM fractograph of unmodified AISI 4330 fracture toughness
specimens a) 01l quenched and tempered at 4u0°C. b) 0il
quenched and tempered at 300°C.

SEM fractographs of o0il quenched and untempered fracture
toughness specimens. a) AISI 4330 plus 2.0 wt%Si;

b) AISI 4330 plus 3.0 wtZSi.

SEM fractographs of oil quenched and tempered at 300°C
fracture toughness specimens of AIST 4330 plus 2.0 wt%Si steel
a) General fracture appearance, b) View of inclusions causing °
tearing of the matrix around them.

SEM fractographs of oil quenched fracture toughness specimens
tempcred at 400°C. a) AXISY 4330 plus 2.0 wtZSi. b) AISI

4320 plus 1,0 wtZSi.

SEM fractographs of oil quenched fracture toughness specimen
tempered at 500°C. a) End of fatigue area, b) Center of
spocimen.

a) SEM fractograph of the fatigue area of a oil quenched

AIST 4330 plus 3.0 wt%Si fracture toughness specimen tempered
at 300°C. b) EDAX analysis of the inclusion just right of
center in fractograph. The peaks (from left to right) are

Al, Si, Ca, Mn, FeKu and FeKB.
a) SEM fractograph of oil quenched AISI 4330 plus 3.0 wtZSi
fracture toughness specimen tempered at 300°C. b) EDAX
analysis of the inclusion in the center of the picture

(In dark hole at ceanter). The peaks arc Si, Cr, Mn, FeKa and

FeKB.



Fig. 54.

Fig. 56.

Fig. 57.

Fig. 58.

Fig. 59.

Fig. 60.
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Optical micrographs of specimens isothermally transformed at
350°C. a) AISI 4330 plus.2.0 wt%Si tempered at 400°C.

b) untempered AISI 4330 plus 3.0 wt%si.

Optical mierographs of AISI 4330 plus 2.0 wt%Si isothermally
transformed at 350°C. a) tempered at 400°C. b) quenched to
liquid nitrogen (-196°C) after isothermal transformation and
then tempered at 400°C.

Optical micrographs of AISI 4330 plus 2.0 wt%Si isothermally
transformed at 200°C. a) tempered at 300°C, b) tempered at
400°C.

Optical micrograph of AISI 4330 plus 3.0 wtZSi isothermally
transformed at 200°C and tempered at 400°C.

Optical micrographs of oil quenched untempered specimens.

a) Unmodified AISI 4330, b) AISI 4330 plus 2.0 wtZSi.

a) TEM micrograph of bainite obtained in AISI 4330 plus

2.0 wt%S1 isothermally transformed at 350°C and tempered at
400°C, b) The retained austenite reverses contrast in the
dark field image of the austenite spot. c¢) The selected area
diffraction pattern and its indexing as'a [3i1] bainite
orientation. d) Twin related laths reverse contrast when the
matrix and twin spots are imaged.

a) TEM micrograph of AIST 4330 plus 2.0 wt%Si isothermally
transformed at 200°C; untempered. b) The retained austenite
reverses contrast in the dark field image of a (002)Y spot.
¢) The eorresponding selected area diffraction pattern. The

indexing is given in Fig. 68(c).
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Fig. 61. a) TEM micrograph from of a different area of the specimen
shown in Fig. 57. Hicrot&ins can be observed. b) The
corresponding selected area diffraction. The indexing is
given in Fig. 68c.

Fig. 62. a) TEM micrograph of the same specimen shown in Fig. 57
showing wavy carbides. b) The corresponding selected area
diffraction. The indexing is given in Fig. 65b.

Fig. 63. a) TEM micrograph of AISI 4330 plus 2.0 wt%Si isothermally
transformed at 200°C and tempered at 400°C. b) Cementite
precipitates can be seen by_reversal of contrast of the
(022)c spot. c) The corresponding SAD pattern with its
indexing.

Fig. 64. a) TEM micrograph from a different area of the specimen shown
in Fig. 63. b) Retained austenite is seen by imaging the
(002)Y spat. c) The corvesponding SAD pattern. The indexing
is given in Fig. 68c.

Fig. 65. a) Another TEM micrograph from the same specimen as in the
pfevious two micrographs. b) Dark field image of (200)Y spot .
¢) The corresponding SAD pattern., The indexing given in
Fig. 684.

Fig. 66. a) TEM micrograph of AISI 4330 plus 2.0 wt%Si oil quenched and
tempered at 300°C. Microtwins can be seen in some areas of
the specimen. b) Some retained austenite can be seen along

the martensite laths.



Fig. 67.

Fig. 68.

Fig. 69.

Fig. 70.
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a) Another TEM micrograph from the same specimen as in Fig. 66.
Typical structure for quenched and tempered lath martensite.
b) The corresponding SAD pattern. The indexing is given in
Fig. 68a.

Analysis of selected area diffraction patterns a) [011]
martensite orientation, b) [100] martensite orientation.

c) J100) and J111] martensite orjemtations and [011] austenite
orientation showing the Kurdjurmov-Sachs (K-S) orientation
relationship viz. (ﬁo)Y i [ﬁl]m. (111)Y 1(011) between bet
martensite and fcc y. d) [011)] austenite and [111] martensite
orientations showing also the K-S orientation relationship.
Plane strain fracture toughness vs. yield Etrength for AISI
4330 steel with silicon additions and for some other HSLA
steels (AISI 4340 plus Al and AXSI 4340 plus Al plus Si are
from Ref. 34).

Plane strain fracture toughness vs. ultimate tensile strength
for AISI 4330 steel with silicon additions and for some other
HSLA steels (AISI 4340 plus Al and AISI 4340 plus Al plus Si

are from Ref. 34).
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