
T-3993

Short Rod Fracture Toughness Testing of Bar Steels

by
Tor C. Tschanz



ProQuest Number: 10783674

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest
ProQuest 10783674

Published by ProQuest LLC(2018). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode

Microform Edition © ProQuest LLC.

ProQuest LLC.
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106- 1346



T-3993

A thesis submitted to the Faculty and Board of Trustees 
of the Colorado School of Mines in partial fulfillment of the 
requirements for the Degree of Master of Science 
(Metallurgical Engineering).

Golden, Colorado
Date: /Vort*'nits'

Signed:
Tor C. Tschanz

Approved:
Dr. David K. Matlock
Thesis Advisor

Golden, Colorado
Date: A/ovê ber- bA,
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ABSTRACT
The fracture toughness of various forging steels is 

evaluated. Microalloyed steels, including a precipitation 
hardened ferrite-pearlite 1045V steel and two continuously 
cooled 'nontraditional' bainitic steels (0.24%C-Mn-Mo-V and
0.35%C-Mn-Mo-V), in which retained austenite replaces 
carbides in traditional bainitic microstructures, were 
examined. The microalloyed steels are compared to a quench 
and tempered martensitic 4140 steel heat treated to 
equivalent hardness of HRC 27-28.

Toughness as a function of temperature is evaluated with 
the short rod test method and is compared to toughness 
determined by alternate fracture test methods (i.e. fatigued 
precracked instrumented Charpy and CTOD tests) to the Charpy 
V-notch impact test. The short rod test method applies to 
the forging steels studied and the results obtained agree 
favorably to the results determined by other fracture testing 
techniques. The type of load versus displacement records of 
the short rod specimens are directly correlated to fracture 
behavior (i.e. cleavage or microvoid coalescence) of the 
different steels. Furthermore, the short rod test method 
accurately distinguishes differences in orientation and 
specimen size effects.

Previous work indicated that the quench and tempered 4140 
steel exhibited superior toughness and lower transition 
behavior than the microalloyed steels. The short rod test 
results, in the R-L orientation, indicated the toughness of
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the 4140 steel falls below the other steels at the highest 
temperatures. The 0.35%C-Mn-Mo-V, 0.24%C-Mn-Mo-V, and 1045V 
steels had higher toughness above 0°, 30°, and 50°C, 
respectively. The lower toughness of the 4140 steel at these 
temperatures was due a decrease in toughness with increased 
temperature in the upper plateau. This decreased toughness 
behavior was attributed to anisotropy effects due to 
unfavorable stringer orientation in the R-L direction.

The nontraditional bainitic steels were found to have 
good toughness, at static strain rates, in the temperature 
range of many applications. The improved toughness is 
attributed to the presence of retained austenite; these 
nontraditional bainitic steels could be substituted for 
quench and temper steels in many lower strength applications. 
Furthermore, the manufacture of products from these steels 
would result lower material and production costs by 
elimination of quench and tempering operations.
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1.0 INTRODUCTION

Microalloyed steels are being substituted for quench and 
temper steels in many lower strength application, where the 
yield strengths range from 552 to 690 MPa (80 - 100 ksi).
The microalloyed steels have lower material and production 
costs. These steels can eliminate quench and tempering 
operations because they have good mechanical properties in 
the ’as-forged’ or ’as-rolled’ condition. Furthermore, they 
can eliminate subsequent straightening and stress relieving 
costs, and can be fully machined in one operation since 
thermal treatments are not required. Although many 
microalloyed steels have strengths equivalent to quenched and 
tempered, they cannot indiscriminately replace quenched and 
tempered steels, because of their much lower toughness and 
ductility. That is, some applications require a greater 
toughness to tolerate metallurgical flaws inherent in the 
material.

While several fracture test techniques exist, the primary 
test is the Charpy impact test. The test is simple and 
utilizes inexpensive samples. However, there are several 
drawbacks to using the Charpy test results: 1) transition
curves based on absorbed energy versus temperature, only 
provide a relative ranking of toughness; 2) the applied 
strain rates are orders of magnitude greater than those 
encountered in typical applications; 3) the results do not 
provide a toughness value that can be used directly in
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fracture mechanics analyses to determine allowable stresses 
for design; and 4) the data have little validity outside the 
specific specimen configuration. Thus, a testing technique 
needs to be established that provides a fracture toughness 
value that is an intrinsic material property, independent of 
geometric variables. The intrinsic toughness will only 
depend on composition, thermo-mechanical history (i.e. 
microstructure), specimen orientation, test temperature, and 
strain rate. One such a toughness value is the plane-strain 
fracture toughness value (Kjc), determined by ASTM E399-83, 
Plane-Strain Fracture Toughness of Metallic Materials, 
Standard Test Method (1). This test technique utilizes 
various sample geometries including compact tension 
specimens. The latter specimens are large, require fatigue 
precracking, are expensive to machine and test, and a valid 
result is not guaranteed. Furthermore, many applications are 
limited by the available stock dimensions. An alternative, 
the chevron-notched short rod specimen, is a newer test 
technique that uses a smaller and less expensive specimen.
It also provides a plane-strain fracture toughness (2).

With plane-strain fracture toughness values, the maximum 
allowable flaw size can be determined in a given component. 
With this information, microalloyed steels can be accurately 
evaluated to determine the specific applications where they 
can be substituted for the more expensive, higher toughness, 
quench and tempered steels. In contrast, when Charpy impact 
data are utilized, many microalloyed steels are eliminated
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from applications where fracture toughness data would predict
acceptable performance.

The primary objectives of this thesis are as follows: 1)
compare between the short rod fracture toughness specimen and
other fracture testing techniques, specifically the 
precracked instrumented Charpy impact and the CTOD test 
methods, 2) evaluate the toughness of several medium carbon 
microalloyed bar steels that were heat treated to optimize 
the microstructure for toughness over the transition 
temperature range, 3) analyze the specific effects of test 
location and orientation within a round bar, and 4) examine 
the macro- and microstructural effects on the fracture 
properties.

Potential applications of new bar steels are often
limited by toughness which is visually evaluated with Charpy
impact test. The Charpy impact test evaluates toughness 
under dynamic conditions and thus often under-predicts the 
toughness of materials which do not experience impact loading 
conditions. In this study the short rod fracture test, an 
inexpensive alternative to conventional plane-strain fracture 
test techniques (1), was utilized to evaluate the effects of 
temperature on fracture toughness of the forged and bar 
steels of interest. It is hypothesized that quenched and 
tempered steels are often utilized in applications which 
could be adequately served by the more inexpensive 
microalloyed or bainitic steel if the appropriate toughness 
measurements were incorporated in design. Thus, this study
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was designed to evaluate the fracture toughness behavior of 
these steels which are candidates for replacement of quenched 
and tempered steels in specific applications. The short rod 
test was chosen as an economical alternative to conventional 
methods.
1.1 Microalloyed Steels Studied

The four bar steels of interest were previously 
characterized by Grassl (3); in Sections 1.1.1 through 1.1.4, 
his results (3) are briefly reviewed to provide a comparison 
with the results of this thesis and are summarized in Table
1.1 and 1.2. The characterization included the evaluation of 
chemistries, processing required to achieve the desired 
hardness, microstructures, and the determination of 
mechanical properties including tensile and fracture behavior 
of the microalloyed steel. The four steels include a ferrite 
pearlite steel (1045V), two bainitic steels with different 
carbon contents, and a quenched and tempered steel (4140). 
Microstructures of the four steels after thermal processing 
outline in Table 1.1 are presented in Figure 1.1 (3).
1. 1 Chemical Compositions

Table 1.2 presents the compositions of the microalloyed 
steels. The 1045V microalloyed steel (supplied by Timken) 
was evaluated in two hot rolled microstructural conditions, 
referred to as fine and coarse grained (3). This 
ferrite/pearlite steel had vanadium levels of 0.22%, which 
provides austenite grain refinement and precipitation 
strengthening of the ferrite. Two similar steels with
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b) 0.35C“Mn~Mo“V STEEL 
AIR COOLED

a) 0.24C-Mn-Mo-V STEEL 
AIR COOLED

d) 1045V STEEL 
AS-RECEIVED

C) 4140 STEEL
QUENCHED 8  TEMPERED

Figure 1.1 Light micrographs of the a) 0.24%C-Mn-Mo-V, b)
0.35%C-Mn-Mo-V, c) 4140, and d) 1045V steel processed 
according to the schedules in Table 1.1, from Grassl (3). 
Light micrographs taken transverse to the rolling direction.
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different carbon contents were a 0.24%C-Mn-Mo-V supplied by 
Chaparral Steel and 0.35%C-Mn-Mo-V supplied by Inland Steel. 
The alloying additions of manganese, silicon, molybdenum, and 
vanadium in these steels exceed the amounts in carbon steel 
and provide increased hardenability to retard the formation 
of polygonal ferrite and pearlite. The copper, manganese, 
and nickel levels are higher and the silicon level is lower 
in the 0.24%C-Mn-Mo-V steel than the 0.3 5%C-Mn-Mo-V steel.
The 4140 steel's carbon composition is 0.35%, near the lower 
end of the AISI-SAE specification ranges and has a 0.01% 
vanadium addition.
1.1.2 Processing

The two different ferrite/pearlite microstructures in the 
1045V 1 as received1 steel were classified as coarse and fine 
microstructures. The hardness of the steels in this study, 
ranged from 27.8 to 28.4 HRC for the coarse and 25.9 to 2 6.7 
HRC for the fine microstructure. These steels were tested in 
the 'as-received' condition. The other steels were heat 
treated to equivalent hardness levels.

The two medium carbon microalloyed steels were processed, 
following of Grassl (3), by controlling the cooling rate from 
the austenitizing temperature to produce steels with fine 
bainitic microstructures. The cooling rates were determined 
by continuous cooling transformation (CCT) diagrams (3).
This heat treatment simulated direct-cooling from the forging 
temperatures and consisted of heating the bar stock to 1100°C 
(2012°F) for 1 hour and air cooling. The hardness values
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averaged 28.2 to 28.6 HRC for the 0.24%C-Mn-Mo-V. The 
0.35%C-Mn-Mo—V specimens had slightly lower hardness readings 
of 25.3 (center) to 28.4 (surface) HRC.

The results from the microalloyed ferrite/pearlite steel 
and the two bainitic steels described above were compared to 
similar data on a quenched and tempered conventional steel, 
4140. Specifically, the 4140 steel was tempered to 
equivalent hardness as the bainitic steels. The 4140 heat 
treatment was austenitized at 845°C (1553°F) for 1 hour, oil
quenched, and tempered at 670°C (1238°F) for 1 hour. The 
hardness values after heat treatment averaged 32.0 to 33.3 
HRC, which were higher than the bainitic steels. Therefore, 
the specimens were retempered at 670°C for an additional hour 
to reduce the hardness to near that of the bainitic steels. 
The retempered hardness values ranged 2 6.9 to 30.7 HRC.
1.1.3 Microstructures

Microstructural analyses were performed to characterize 
the phases present by Grassl (3). X-ray analysis helped 
determine the amount of retained austenite in the bainitic 
steels. Some microstructural factors that are expected to 
affect the mechanical and fracture properties are: grain size 
and orientation, grain flow pattern, the number and 
distribution of phases, second phase particles on the grain 
boundaries, and nonmetallic inclusions.

The two hypoeutectoid pearlitic microstructures in the 
1045V steel are shown in Figure 1.2 (3). The coarse
microstructure (Figures 1.Id and 1.2a) shows grain boundary
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a) 1045 V STEEL - Rr 30

Figure 1.2 Light micrographs of the 1045V steel, from 
Grassl (3), in the 'as received' condition of the a) 
coarse or high volume fraction pearlite and b) fine or 
low volume fraction pearlite.
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allotriomorphs of proeutectoid ferrite and a high volume 
fraction of pearlite. The second or fine microstructure 
(Figure 1.2b) consists primarily of fine equiaxed ferrite 
allotriomorphs and pearlite having a relatively small colony 
size. This steel will be referred to as the 'fine' or low 
volume fraction pearlite steel. In a study by Leap (4), this 
fine microstructure was shown to have ferrite and pearlite 
nodule sizes of 6.4 |lm and 11.8 pm, respectively. The fine 
microstructure was evaluated in Grassl's thesis (3).

The bainitic microstructures produced by heat treatment 
that simulates direct air cooling from the forging 
temperature consist of a 'nontraditional' bainite.
Traditional bainite consist of lath or plate morphology 
ferrite and carbide (cementite) arrays. Figure 1.1a and b 
shows the transverse microstructure of these ’nontraditional' 
bainitic microstructures consisted of bainitic ferrite and 
carbon enriched retained austenite which substitutes for the 
cementite arrays. In other words, the ’nontraditional' 
bainitic microstructures consist of ferrite and thin films of 
retained austenite. Both steels were observed to have a 
banded longitudinal structure which was comprised'of a high 
volume fraction of ferrite, common in high manganese steels 
(3). The ferrite in the banded region of the 0.24%C-Mn-Mo-V 
steel was primarily acicular, whereas, the 0.35%C-Mn-Mo-V 
steel was mostly polygonal.

X-ray analysis by Grassl (3), was performed to determine 
quantitatively the amount of retained austenite in the
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nontraditional bainitic microstructures at various 
temperatures. Comparing the ratio of the austenite/ferrite 
peak intensities gives an indication of the relative amount 
of austenite in the steel. The 0.24%C-Mn-Mo-V steel in 
Figure 1.1a generally had lower volume fraction of retained 
austenite than the 0.35%C-Mn-Mo-V steel in Figure 1.1b, at 
all temperature examined (—196 to 140°C or —321 to 284°F).
The relative amount of retained austenite in unstrained 
samples, did not significantly vary between —75 and 140°C 
(—103 to 284°F), indicating that austenite is thermally 
stable over this temperature range. When unstrained samples 
were cooled in liquid nitrogen (—196°C), a decrease in the 
retained austenite was observed. In strained specimens, 
measurable amounts of austenite were not detected below 30°C 
(86°F), indicating that a large amount of austenite 
transformed to martensite during deformation. Furthermore, 
the austenitic transformation was found to be temperature 
dependent with a smaller amount of austenite transforming 
above 30°C.

The 4140 steel in Figure 1.1c was found to have the 
standard quench and tempered martensitic microstructure with 
acicular ferrite, but had large stringers through the 
microstructure.
1.1.4 Mechanical Properties

Mechanical tests were performed to evaluate the tensile 
and fracture properties at equivalent hardness values, across 
a temperature range encompassing the brittle/ductile
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transition temperature. Figure 1.3 (3) shows the yield 
behavior as a function of temperature for the fine 
microstructure ferrite/pearlite, quenched and tempered 4140, 
and the nontraditional bainitic steels. The yield strength 
increased with a decrease in temperature for both the fine 
1045V and 4140 steels. This is schematically illustrated in 
Figure 1.4, which compares the behavior for the 
nontraditional bainitic and traditional steels (i.e. the 
1045V and 4140) .

In the engineering stress-strain curves, both of these 
traditional steels exhibited discontinuous yielding (upper 
and lower yield points) contrary to the nontraditional 
bainitic steels, which exhibited continuous yielding with 
discontinuous deformation behavior beyond the initial 
yielding (3). Furthermore, in these steels the yield 
strengths remain constant and decrease with a decrease in 
temperature below 30°C (86°F). As interpreted by Grassl (3),
this behavior is related to the transformation of retained 
austenite to martensite. The decreased thermal stability of 
the retained austenite at lower temperatures makes the 
transformation to martensite easier. The added strain 
component due to transformation induced plasticity (TRIP 
behavior) shifts the curve of tensile load versus 
displacement to the right, resulting in a lower apparent 
yield strength as determined by a 0.2% offset as shown in 
Figure 1.3. This type of transformation in the elastic 
region, resulting in a shift of the 0.2% yield strength is a
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result of stress-induced transformation (5). TRIP behavior 
also increased the strain hardening exponent, n. This is 
illustrated by the ultimate tensile behavior of these steels 
as a function of temperature in Figure 1.5. The ultimate 
tensile strength of nontraditional bainitic steels increased 
faster with a decrease in temperature than the traditional 
1045V and 4140 steels. This type of transformation, which 
results in an increase in the strain hardening exponent, is 
referred to as strain-induced transformation (5). The stress 
and strain-induced transformation behavior was confirmed by 
the x-ray analysis of the retained austenite previously 
mentioned in Section 1.1.3. Throughout this study, no 
distinction between the stress and strain-induced austenite 
to martensite transformation is made and is simply referred 
to as TRIP behavior.

The tensile data were not measured for the coarse 
microstructure ferrite/pearlite 1045V steel except in a few 
cases. The tensile properties were estimated by relating 
hardness and limited tensile data for the coarse 1045V steel 
to the tensile behavior of the fine ferrite/pearlite 
microstructure.

Grassl determined the brittle/ductile transition 
temperatures for the four steels (fine 1045V, 0.24%C-Mn-Mo-V,
0.35%C—Mn—Mo—V, and 4140) with both precracked instrumented 
Charpy and CTOD test methods. The effects of strain rate 
(dynamic versus static fracture testing) on the transition 
temperature and the upper shelf were examined this data.
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The precracked instrumented Charpy stress intensity was 
calculated using two methods: 1) with the maximum load (Km),
and 2) with elastic loads calculated using equivalent energy 
methods (K*). Table 1.3 gives the 55 MPaVm (50 ksiVin) 
transition temperature for both Km and K* (3). These results 
indicate that the order in transition temperature for the 
four steels (from lowest temperature) are: 4140, 0.35%C-Mn-
Mo-V, 0.2 4 % C—Mn —Mo—V, and the fine 1045V. Under linear 
elastic plane-strain conditions, both critical stress 
intensity values are similar, but they deviate as elastic- 
plastic (plane-stress) behavior occurs with an increase in 
temperature (K* > Km). This deviation is an indication of 
the transition temperature. The transition for the fine 
ferrite/pearlite microstructure occurred over a temperature 
range from 21 to 66°C (70 to 151°F) .

In the bainitic steels, this transition occurred at the lower 
temperatures of —90 to 51°C (—130 to 124°F) for the

Table 1.3 Fatigued precracked instrumented Charpy transition 
temperatures for four steels in this study from Grassl (3).

Steel
55 MPaVm Transition 

Temperature (°C)
Km K*

4140 -100 -110
0.35%C-Mn-Mo-V -26 -43
0.24%C-Mn-Mo-V -17 -29
Fine 1045V 0 0
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0.35%C-Mn-Mo-V steel than range of —55 to 98°C (—67 to 210°F) 
for the 0.2 4%C—Mn—Mo—V steel. For the 4140 steel the 
transition occurred from —89 to —72°C (—128 to —98°F) The 
4140 steel had the lowest transition temperature than any of 
the microalloyed steels. The range over which the 
brittle/ductile transition occurred in the microalloyed 
steels generally overlapped.

The crack tip opening displacement (CTOD) testing gives 
crack initiation behavior at static strain rates. Table 1.4 
gives the temperature ranges for which brittle and ductile 
crack behavior are observed. Brittle crack initiation 
behavior was arbitrarily chosen at CTOD (Su) values less than 
25 |lm (< 0.001") . The resulting ductile/brittle transition 
behavior for the fine ferrite/pearlite microstructure 
occurred over a temperature range from —11 to 41°C (12 to 
106°F) (3). In the bainitic steels this transition occurred
at lower temperature range for the 0.35%C-Mn-Mo-V steel than

Table 1.4 Summary of crack tip opening displacement 
transition behavior for four steels under investigation (3).

Steel
Brittle 

Temperature 
Range (°C)

Ductile 
Temperature 
Ranqe (°C)

4140 Not observed > -65
0.35%C-Mn-Mo-V < -11 > 28
Fine 1045V < 11 > 41

0.24%C-Mn-Mo-V < 19 > 50
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the 0.24%C—Mn-Mo-V steel These results indicates the 
transition temperature from lowest to highest are: 4140,
0.35%C-Mn-Mo-V, fine 1045V, and 0.24%C-Mn-Mo-V.

Based on both the instrumented Charpy and CTOD analysis, 
Grassl (3) concluded that the brittle to ductile transition 
temperature of the four steels did not significantly shift 
due to dynamic versus static strain rates because of the 
increased constraint caused by fatigue precracking of the 
instrumented Charpy specimens (3). Although, the transition 
temperature did not significantly change, the upper shelf was 
generally shifted to higher values, ranging from 20 to 25 
MPaVm (18 - 23 ksiVin) higher for dynamic strain rates (3) .

In summary, the nontraditional bainitic steels have 
microstructures composed of interlath films of retained 
austenite that replace the carbide arrays in traditional 
bainitic microstructure. Furthermore, these steels show TRIP 
behavior which resulted in: 1) continuous yielding, 2)
decreased yield strength with a decrease in temperature, and
3) a high strain hardening rate. This behavior was 
attributed to the transformation of retained austenite to 
martensite due to plastic deformation as confirmed by x-ray 
analyses. Both the 1045V and 4140 steel exhibited 
traditional tensile behavior, with the coarse pearlitic 
structure having higher tensile properties than the fine 
microstructure in the 1045V steel. Both fracture test 
methods ranked the four steels in the same order with respect
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to the transition temperature range from the ductile to 
brittle behavior. The 4140 steel had the lowest transition 
temperature, followed by the 0.35%C-Mn-Mo-V steel, with the 
0.24%C-Mn-Mo-V and fine 1045V steels having similar results.
1.2 Fracture Toughness Testing

Crack propagation is resisted by the energy absorbed with 
plastic deformation at the crack tip. The degree of plastic 
deformation at the crack tip depends on specimen geometry and 
material yield strength. Constraining geometric factors 
include notch depth, notch acuity, and the section thickness. 
The depth will control the interaction of the plastic zone 
with free surfaces. The acuity or sharpness of the crack 
will affect the initial size of the plastic zone. Fatigue 
precracking will sharpen a crack so that the plastic zone at 
the crack tip will be very small, making it easier to 
initiate crack propagation. Thicker sections will change the 
stress state by increasing the constraint at the crack tip.
As a material starts to yield, it tends to neck due to 
lateral contraction strains, resulting from Poisson's ratio. 
In very thick sections, the surrounding material will resist 
the tendency to neck by creating a lateral stress. In other 
words, the compatibility requirements of the surrounding 
elastically loaded material inhibits plastic flow and forms a 
triaxial stress state or maximum constraint. In thin 
sections the opposite is true, because the elastically 
deformed material around the crack tip does not provide 
enough constraint (i.e. the lateral stress is zero) to
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prevent the material from yielding due to contraction 
strains. This case forms a biaxial stress state or minimum 
constraint. In addition there is always a biaxial stress 
state at any free surface. As the thickness increases, the 
triaxial stress state and the center of the material controls 
crack growth. If the thickness decreases, the biaxial stress 
state at the free surface dominates.

In addition to section thickness, the ability of a 
material to deform controls the magnitude of the triaxial 
stress state. If the material has a low yield stress, then 
plastic deformation will readily accommodate the contraction 
strains - making it more difficult to form a triaxial stress 
state. Factors which affect the ability of a material to 
deform plastically are the strain rate and temperature. 
Furthermore, other factors that control the stress state at 
the tip of a crack are applied loads and size, orientation 
and location of the flaw.

A stress intensity factor (K) defines the magnitude of 
the stress at the tip of a crack where linear elastic 
conditions (i.e. a triaxial stress state) predominate in a 
homogeneous material. The general form of the equation in a 
infinite plate is:

K = oV7Ca f (a/W) [■ 2_ 2

where 'a' is the nominal stress level, 'a' is related to the 
crack length, and 'f(a/W)' is a dimensionless parameter which
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depends on the geometry of the specimen and the crack. For a 
plate of finite width a constant, C, is added to account for 
edge effects. Most of the industry standards take the form 
of:

where 'Y' incorporates both the 'C' and 'f(a/W)' terms and is 
referred to as the compliance calibration function.

The elastic stress distribution goes to infinity near the 
crack tip. A structural material will plastically deform as 
the stress exceeds the yield stress. The radius of this 
deformed material at the crack tip is referred to as the 
'plastic zone' or r^. The net effect of the plastic zone is 
to increase the effective crack length by r^. When the 
plastic zone is under a triaxial stress state of maximum 
constraint, it is said to be in 'plane strain'. Plane strain 
occurs when the thickness is such that the applied loads are 
distributed so elastic conditions prevail, and plastic 
deformation cannot accommodate the lateral strain. On the 
other hand, when the plastic zone is in a biaxial stress 
state or in very thin materials where it is referred to as 
'plane stress', i.e. under minimum constraint where plastic 
conditions dominate. The plastic zone under plane-strain 
conditions is 1/3 to 1/4 the size of the plastic zone under 
plane-stress conditions (6). The plastic zone sizes are 
given by:
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Ty = 1/271 (Kjc/Gy) ̂  for plane stress [1.3]
r^ = (3/27C (Kjc/Gy) ̂  for plane strain [1.4]

where '(3' is 1/3 to 1/4, and is the effective yield
strength or (<5uts + Oys)/2 (6) .

Fracture toughness can be defined as the inherent ability 
of a material to form a plastic zone and resist the extension 
of a crack. It is measured by a 'critical stress intensity' 
or Kc . Kc is generally referred to as the plane-stress 
fracture toughness, because it occurs under minimum 
constraint associated with a biaxial stress state. Kc is a 
function of the section thickness/constraint, temperature, 
and strain rate. The minimum value of the critical stress 
intensity occurs under plane-strain conditions and is 
referred to as KIc. In other words, it occurs under 
conditions where the thickness is enough to form a triaxial 
stress state. Kjc is considered to be material property. It
is a also function of the test temperature and the strain 
rate .

Linear elastic fracture mechanics (LEFM) is limited to 
crack tip plasticity where a cracked body behaves in 
essentially an elastic manner. For this to occur, the radius 
of the plastic zone must be much smaller than the overall 
crack length. Therefore, LEFM testing must be performed 
under conditions of plane strain. This requires a specimen 
configuration where the applied load and crack size are in a
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triaxial stress state of maximum constraint. In order to 
achieve this plane-strain stress state, all traditional 
specimen geometries per ASTM E399 (1) have several 
requirements:

1) The test specimen must meet a minimum size requirement 
to insure there is enough constraint. The size requirements 
are :

a and B > 2.5(Klc/tfys)2 [1.5]

where 'B' is the specimen thickness, 'a' is overall crack
length, and 'Ck ' is the yield strength. The resulting y ̂
thickness is approximately 50 times larger than the plane- 
strain plastic zone (equation [1.4]) .

2) The test specimen must have a constant crack front 
width, i.e. a uniform thickness.

3) The test specimen must be fatigue precracked under 
specified conditions, to produce an ideal crack with a 
plastic zone that is much smaller than the overall crack 
length.

4) The test should be conducted under static loading 
conditions which are considered to be 0.55 to 2.75 MPaVm/s 
(30 - 150 ksiVin/min.).

5) The load versus displacement records are analyzed 
using a 5% secant method. The 5% secant corresponds to the 
toughness after approximately 2% crack growth and the maximum
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load is not used for the determination of the toughness.
This method is similar to the 0.2% offset used to determine 
the yield strength in tensile testing. Furthermore, the load 
versus displacement plots should display plane-strain type 
behavior, i.e. no 'roundhouse' curves showing general 
yielding.

6) The test must have common validity requirements to 
achieve correct crack front and geometry.

All these requirements are to insure that linear elastic 
conditions are achieved and a triaxial stress state is 
formed.
1.3 Short Rod Fracture Toughness Test

In this section, the short rod specimen is introduced 
(Section 1.3.1), the stress intensity function is developed 
from first principles (Section 1.3.2) and empirical stress 
intensity coefficient terms are presented (Section 1.3.3) .
1.3.1 Short Rod Specimen

The chevron-notched specimens (7,8) are small, simple and 
inexpensive, and were developed to determine the fracture 
toughness of brittle materials that are difficult to 
precrack. Figure 1.6 gives a schematic drawing of the short 
rod specimen. They differ from traditional test geometries 
in many respects, primarily due to the chevron notch 
configuration. These specimens have a minimum size 
requirement to achieve linear elastic test conditions. The 
thickness size requirement is one-half that of traditional
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Figure 1.6 
specimen.

Schematic drawing of chevron-notched short rod
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test methods (1) and is given by:

B > 1.25(Klc/ays)2 [1.6]

The smaller allowable size arises because the thin 
chevron slots provide constraint by imposing a triaxial 
stress state at the crack ends. The crack length is 
controlled by the depth of the chevron notch (a0). Due to 
the chevron notch, the crack front width increases with crack 
length. A unique advantage of this type of specimen is that 
it does not require fatigue precracking, because the crack is 
easily initiated at low loads. At the point of crack 
initiation, the large stress intensity factor coefficient 
decreases as the crack propagates to a minimum at maximum 
load. At this point the stress intensity reaches the plane- 
strain fracture toughness, after which it again increases.
The decreasing stress intensity, prior to the measurement of 
the plane-strain toughness, increases the stability of the 
crack and helps avoid catastrophic failure. This desirable 
behavior is not observed in a traditional LEFM specimens. A 
plot of the stress intensity as a function normalized crack 
length in Figure 1.7 demonstrates this behavior and shows 
that it differs from standard LEFM samples where the stress 
intensity monotonically increases with increasing crack 
length.

Both fracture toughness (1,2) test methods are tested 
under static load conditions, but the toughness in the 
chevron-notched specimen is measured after significant crack
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Maximum load and 
minimum stress 

intensity coefficient

NORMALIZED CRACK LENGTH (a)

Figure 1.7 Stress intensity coefficient as a function of 
crack length to specimen width ratio. The stress intensity 
of a standard LEFM specimens (straight-through crack front) 
monontonically increases with increasing crack length. On 
the other hand, the chevron-notched short rod specimen 
(trapezoidal crack front) has a very high stress 
concentration at the tip on the chevron notch which results 
in decreased stress intensity until the plane-strain 
fracture toughness is reach, after which it again increases 
as the crack propagates (11).
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growth as the crack propagates. Whereas, traditional methods 
only measure the toughness after 2% crack growth. The load 
versus displacement records collected by both methods are 
analyzed differently. The standard plane-strain test method 
uses a 5% secant to determine the load used in the 
calculation of the toughness. The resulting load, or P q , is 
generally less than the maximum load, Pm . The short rod 
technique always uses the maximum load. Both methods 
incorporate validity requirements to measure the plasticity 
of the specimen and assure plane-strain conditions are 
achieved. Measurement of the crack is not required as in the 
standard method in the chevron-notched specimens, but 
unloading and reloading cycles are used for determining the 
compliance1 and excessive plasticity. The other validity 
requirements are similar except that for short rod samples 
fatigue precracking is not required.
1.3.2 Development of Short Rod Stress Intensity Function

In this section, the energy terms from first principles 
are developed and related to the load versus displacement 
plots. These are in turn related to the stress intensity 
function; which relates the stress intensity coefficient, 
load, and specimen geometry.

The short rod specimen is tested by a slowly increase in 
the load, until the crack initiates at the tip of the chevron

1 The compliance is related to the slope generated when the 
sample is unloaded/reloaded on a load verses displacement 
record. It gives an indication of the crack length.
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notch. The onset of crack initiation at the chevron notch 
tip corresponds to the start of nonlinearity of the load 
versus displacement curve. As the crack propagates, the 
crack front becomes stable and achieves a steady state crack 
growth rate under an increased load (Figure 1.6). As the 
crack continues to grow until it reaches a critical crack 
length (ac), corresponding to the maximum load. After ac is 
achieved, the load decreases with an increase in crack 
length. The value of ac is independent of the material being 
tested, but is dependent on the given specimen geometry and 
loading configuration, provided the specimen behaves 
according to LEFM (9,10). From the maximum load (or a point 
near the maximum load determined by compliance measurements) 
corresponding to ac, the stress intensity reaches a local 
minimum corresponding to a critical stress intensity, i.e. 
the plane-strain fracture toughness.

The following derivation (9,10) shows that the short rod 
specimen is based from first principles of linear elastic 
fracture mechanics (LEFM) and uses the load versus 
displacement schematic presented in Figure 1.8. It measures 
the energy per unit crack area required to quasi-statically 
advance a steady-crack under plane-strain conditions. The 
energy required to advance a crack a distance, Aa, under 
plane-strain conditions is:

AW = GIcbAa [1.7]
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Figure 1.8 Schematic of the relationship between a short 
rod specimen and the load versus crack mouth opening 
displacement (CMOD) record. As the short rod specimen is 
loaded, the crack initiates at the tip of the chevron notch 
on the specimen in a) and b) and the test record (Point A on 
c). As the crack grows an increment Aa, the CMOD opens a 
corresponding Ax. The shaded area in c) and d) corresponds 
to the work required to propagate Aa, which can be related to 
the plane-strain fracture toughness (9,10).
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where 'AW* is the irrecoverable work to form the two fracture 
surfaces, T G c * is a material property, which relates 
expended energy due to steady-state crack growth, and 'b' is 
the average width of the crack front between a and a + Aa. 
These dimensions are detailed in Figure 1.8a. To initiate 
the crack, a load P is applied to the specimen under 
displacement control, which opens the specimen a small amount 
Ax in Figure 1.8b. As the load P is applied, a linear path 
is formed in Figure 1.8c on the load versus crack mouth 
opening displacement (CMOD) plot, until the crack initiates 
at the tip of the chevron notch. Crack initiation at the 
chevron notch tip corresponds to the start of nonlinearity at 
point A of the load versus displacement curve in Figure 1.8c. 
Crack growth continues until point B is reached. During 
unloading, crack growth stops, and the specimen unloads 
linearly on the load displacement curve to the origin.
During reloading, the unloading path is retraced back to 
point B. With continued loading, crack growth reinitiates 
and grows another small increment Aa, causing a small change 
in the CMOD of Ax to point C. Again the specimen is unloaded 
and forms another straight unloading path to the origin, but 
this time with a different slope. The area formed between 
the unloading/reloading traces and the load versus 
displacement path (OBC) corresponds to the energy required to 
grow the crack the small increment Aa (from point B to point 
C). In other words, the irrecoverable work (AW) forms the
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two new crack surfaces. AW is approximated by triangle OED 
in Figure 1.8d, or

AW = l/2PAx [1.8]

where 'P' is the average load and ’Ax’ is the change in the 
crack opening displacement between points A and B. The 
incremental change in elastic compliance (Ac) due to loading 
between points B and C is:

Ac = Ax/P . [1.9]

Combining equations [1.8] with [1.9] to eliminate Ax results 
in:

AW = 1/2 P2Ac [1.10]

Using equation [1.7] to eliminate AW and taking the limit as 
Ac and Aa approach zero, gives

rIc P2/dc
2b\da/ [1.11

Here 'b', 'P1 and 'dc/da' are evaluated at the crack length 
’a ’, where the incremental crack advance occurred. Relating 
equation [1.11] in terms of the critical stress intensity for 
plane-strain (Kjc) is obtained using the relationship between
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GIc and Klc:

[1 .12]

where 'ET is E/(l-V^) for plane-strain and E for plane-stress
conditions, and TV' and 'E' are Poisson's ratio and Young's 
modulus, respectively. Combining equations [1.11] and [1.12] 
results in an equation for the critical plane-strain stress 
intensity where 'Kjv ' designates the fracture toughness for a 
chevron-notched specimen and replaces 'Kjc ', as follows;

where 'Bf is the specimen diameter, ' W' is the width of the 
specimen from the load line, 'C' is the dimensionless 
compliance (i.e C = cEB), and 'a' is the dimensionless crack 
length (a = a/W). The nomenclature for the short rod 
specimens is presented in Figure 1.9.

The term in the brackets corresponds to the minimum value 
of the normalized stress intensity coefficient (Y*m), where

[1.13]

After some manipulation equation [1.13] becomes

[1.14]

[1.15]
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Load
Line

«o = ao/W
a± = a1 /W 
a = a/W

Figure 1.9 Nomenclature of chevron-notched short rod 
specimen (19).
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The resulting equation for plane-strain fracture toughness 
determined by the short rod specimen takes the form of:

KIv = Y*m P/(bVw ) [1.16]

where 'Kjv ' plane-strain fracture toughness and 'P' is the 
critical load.
1.3.3 Development of Stress Intensity Coefficients for 
Various Specimen Configurations

Empirical formulations are presented which allow data 
from various specimen configurations to be related and 
compared. These equations were developed so toughness values 
of different specimens configurations can be compared since 
the early development of the chevron-notched specimens were 
not standardized. These term are used in Section 4.6 to 
correct the toughness values for out-of-tolerance specimens.

Newman (11) surveyed various stress-intensity factors by 
several investigators. These included both analytical
(12,13) and experimental (9,14,15,16,17,18,19,20) solutions, 
for various short rod and bar specimen configurations. He 
concluded that the analytical (finite and boundary element 
methods) and the experimental solutions "agreed within 3%, 
when the lower bound and convergence of the finite-element 
and boundary-element techniques were accounted for, the 
agreement was generally within about 1%". Among these were 
empirical solutions by several authors (17,19,20) who 
developed equations for the stress intensity factor for a
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wide range of specimen proportions and chevron-notch 
configurations. These equations determined the relationships 
between various specimen geometries and the stress intensity 
factors, so the test method could be used for general 
application. These equations were determined through 
experimental compliance measurements and converted to a 
dimensionless stress intensity factor coefficient (Y*).
These equations relate various chevron-notch tip depths (a0) 
to Y* and Y*m. Bubsey, Munz, Pierce, and Shannon (19) 
determined the stress intensity coefficients for specimen 
width to diameter ratios (W/B) of 1.50, 1.75, and 2.00
(Figure 1.9). The stress intensity equations developed are 
in terms of a dimensionless crack length (a), where a is 
equal to the crack length (17) divided by the specimen width 
(W). The initial dimensionless crack length (i.e. aQ or 
aQ/W) values tested were 0.2, 0.3, 0.4, and 0.5. The stress 
intensity coefficient equations developed are for specimens 
where the distance from the load line to the end of the 
specimens (â ) are always equal to the specimen length (a^ = 
a^/W = 1). The equation for the stress intensity coefficient 
for a straight-through crack front (Y) was found;

Y = -3.851 + 73.63 a - 65.85 a 2 - 94.43 a 3 + 179.8a4
for 0.3 < a < 0.75. [1.18]

Equation [1.18] was then converted to the stress 
intensity coefficient of a chevron-notched specimen with a
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trapezoidal crack front (Y*), since Y*m values calculated 
using the straight-through crack front assumption exceeds 
those obtained from the experimental compliance measurements 
by 0.5 to 7.6 percent (19,21). Y* for the chevron-notched 
specimen is related to Y for the straight-through crack front 
by (11,17,19);

y * = Y[(ax - aQ)/(a - aQ)]1/2 = Y(B/b)1/2 [l.19]

therefore,

Y* = -3.851 + 73.63a - 65.85a2 - 94.43a3 + 179.8a4
[ (a2 -aQ)/(a - aQ)]1/2 for 0.3 < a < 0.75 [1.20]

Figure 1.10 shows the plots of Y* versus a for various 
initial aQ values.

The equation for the minimum stress intensity factor 
coefficient (Y*m) is:

Y*m = 12.37 + 110.laQ - 285.2aQ2 - 338.5aQ3 for
0 . 2 < aQ < 0 . 5 [1.21]

where the range of aQ was reduced to achieve a better curve 
fit. Equation [1.21] was later modified by the same authors 
(20), which extended Y*m to a broader range of chevron-notch
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Figure 1.10 Stress intensity coefficient as a function of 
the normalized crack length. Both stress intensity 
coefficients (Y* and Y*m) decrease as the initial 
dimensionless crack length decreases, i.e. as ' decreases 
(19) .



T-3993 41

geometries;

Y*m = 20.96 + 14.96aQ + 37.92aQ2 for 0 < 0CQ < 0 . 5
[1.22]

Equation [1.21] and [1.22] give Y*m values less than 1.5% 
difference. All these equations were experimentally 
determined and apply for W/B = 1.50 specimen configuration, 
which vary from the specimens used in this thesis, i.e. W/B = 
1.45. The authors (20) also developed expressions for Y*m 
allowing modification for various W/B ratios:

Y*m = 19.98 - 9.54(W/B) + 6.80(W/B)2 + [-118.7 +
125.1(W/B) - 22.08(W/B)2]ao + [379.4 - 363.6(W/B) +
84.4(W/B)2]a02 for 0 < aQ < 0.4 [1.23]

substituting 1.45 for W/B, equation [1.23] simplifies to;

Y*m = 20.44 + 16.27ao + 29.63aQ2 for 0 < aQ < 0.4
[1.24]

Equation [1.24] is plotted in Figure 1.11 for W/B = 1.45, and 
shows that Y*m increases with aQ .

In this section the stress intensity function was 
developed for determining the fracture toughness of a short 
rod specimen. The empirical relationship for relating the 
stress intensity coefficient for various specimen 
configurations has been presented. The empirical relation
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Y*m = 20.44 + 16.27« + 29.63a
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Figure 1.11 Minimum stress intensity coefficient as a 
function of initial normalized crack length. Y*m decreases 
as the initial dimensionless crack length decreases. The 
equation of Shannon et. al. (19,20) agrees well with the Y*m
value determined by the ASTM E1304 (2), i.e. within 0.35%.
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for Y*m in equation [1.24] gives excellent agreement 
(-0.35%)with the values presented in ASTM E1304, Standard 
Test Method for Plane-Strain (Chevron-Notch) Fracture 
Toughness of Metallic Materials (2) .

2.0 EXPERIMENTAL PROCEDURE

Testing to determine mechanical properties and fracture 
toughness were performed on the materials listed in Table
1.1. Specimens were machined from 'as-received' bar stock 
for the 1045V steel. Whereas those for the bainitic and 
quenched and tempered steel were machined from 330 mm (13") 
long bars that were heat treated to equivalent hardness 
levels using the schedules in Table 1.1. The heat treatments 
were performed in a preheated Lindberg resistance heated box 
furnace, to the appropriate temperature. The 4140 was oil 
quenched by submerging each bar upright into a 215 mm (8.5") 
diameter by 380 mm (19.5") high cylinder tank filled with 
ambient temperature oil. These bars were air cooled after 
tempering. Both the bainitic and 4140 steels were air cooled 
by standing the bars on end at room temperature. These are 
same heat treatment procedures used by Grassl (3) to 
facilitate comparison.
2.1 Previous Work - Grassl

The microstructures, hardnesses, tensile properties, and 
fracture testing of the steels used in this study were 
previously characterized by Grassl (3) and the test results
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were summarized in Section 1.1. A 50.8 mm (2") gage length 
was used in tensile tests. The instrumented Charpy and CTOD 
test methods used identical, precracked, three point bend 
specimens with the fatigued notches oriented perpendicular to 
the rolling direction. These tests were performed using 10 x 
10 x 50 mm specimens machined from mid-radius. The stress 
intensities were determined using an equation for a three- 
point bend specimens;

K t =_ PY
B^W [2.1]

where 'P' was the critical load, and the dimensions of 'B', 
and 'W' are determined from the specimen. 'Y' was the 
compliance and is a function of the original crack length to 
sample width ratio, aQ/W as follows;

Y =  6 ( a o /W )  1 /2  11 .  99 -  ( a o / W ) [ l - ( a o / W ) ]  [ 2 . 1 5  -  3 . 9 3 ( a o / W )  + 2 . 7 ( a o / W ) 2] )

[ l  + 2 ( a o / W ) ]  [ l - ( a o / W )  ] 3/2

[2 .2 ]

All tests were performed isothermally at each test 
temperatures.
2.2 Current Study - Short Rod Fracture Toughness Test

In this thesis, the fracture properties were determined 
using short rod specimens and the heat treatments and 
mechanical properties determined by Grassl (3).
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Short rod fracture toughness test specimens were machined 
and tested according to ASTM E1304-89, Standard Test Method 
for Plane-Strain (Chevron-Notch) Fracture Toughness of 
Metallic Materials (2). ASTM E1304 allows specimens of both 
round (short rod) and square (short bar) cross sections.
Full sized (25.4 mm) and sub-sized (12.7 mm) diameter 
specimens were machined with the geometry shown in Figure 2.1 
with the dimensions summarized in Table 2.1 (2).

The nomenclature for the test orientation of fracture 
specimens removed from bar stock in ASTM E616 (6) is
presented in Figure 2.2. The two orientations examined in 
this study are the R-L and L-R orientations. The R-L 
orientation designates a specimen loaded in the radial 
direction (perpendicular to the rolling direction) with a 
crack propagating longitudinally with the rolling texture.
The L-R orientation designates a specimen loaded in the 
longitudinal direction with the crack propagating across or 
perpendicular to the rolling direction.

Full sized (25.4 mm) steel specimens were machined in the 
R-L orientation for all five microstructures studied: 1) both
fine and coarse pearlite/ferrite microstructures in the 1045V 
steel, 2) both 0.24%C-Mn-Mo-V and 0.35%C-Mn-Mo-V 
nontraditional bainitic steels, and 3) the 4140 steel heat 
treated to equivalent hardness. Fifteen 25.4 mm specimens of 
each steel were machined and tested as a function of 
temperature; only enough material for five specimens of the 
fine 1045 steel was available. Sub-sized (12.7 mm) short rod 
specimens were machined in both the L-R and R-L orientations



T-3993 46

w  + x

Load L in e ^ ^ l

View A-A

60

Load Line

View B-BR < .01 OB

Chevron Slot Configuration

Figure 2.1 Short rod configuration used in this study using 
the alternate gripper notch geometry (2). Note a/W = 1.45 
and a /W = 0 . 332 .
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for the each steel in this study (except for the fine 1045V 
pearlite/ferrite steel since it was not available). Eight 
specimens, four specimens of each orientation were machined 
for the remaining four microstructures. The 12.7 mm 
specimens were the largest specimen that could be machined in 
the L-R orientation and tested with the available equipment. 
All the short rod specimens were removed from the center of 
the parent material bar stock. The 25.4 mm specimens were 
machined from 330 mm bars from the positions shown Figure 
2.3. Correspondingly, the 12.7 mm specimens were laid out as 
shown in Figure 2.4.

The chevron slots must be machined too very tight 
tolerances to obtain valid short rod fracture toughness 
results. This is important to assure that a triaxial stress 
state is attained at the ends of the slot and that the 
compliance measurement is valid. The chevron notches were 
machined using either a diamond slitting saw or by electrical 
discharge machining (EDM). Initially the chevron slots on 
some 25.4 mm specimens were machined with Terra Tek's 
Fractometer specimen saw (Model 4901). This saw was designed 
to cut thin chevron slots of: uniform thickness (X) and 
alignment, correct depth (aQ) , and proper chevron angle ((j)) .
A diamond slitting blade 0.3 mm (0.012") was used. The 
Fractometer saw incorporates X and Y axis micrometers for 
precise control of the blade. The chevron slots are cut 
after the specimens are machined to the proper length and 
diameter, and with the grip groove. Slitting of the chevron
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-330 mm 45 mm
22 mm
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Figure 2.3 Layout of 25.4 mm diameter specimen from the bar 
stock.
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Figure 2.4 Layout of 12.7 mm diameter specimen from the 
bar stock.
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slot required multiple cuts - approximately 0.64 to 1.27 mm 
(0.025 to 0.050") per cut. The depth of cut was set with the 
depth micrometer. After each cut the specimen was rotated 
90° to the opposite position (which controls (j)), and a cut on 
the opposite side was performed. The cuts were made by 
sliding the specimen across the diamond blade. This 
procedure was repeated until the proper aQ was achieved. aQ 
was measured after removal of the specimen from the saw.

Slitting the chevron notch was easily and quickly 
performed on aluminum practice specimens (~ 5 min.), but 
proved to be difficult and time consuming (~ 30 - 40 min. for 
each 25.4 mm specimen) on steel. Achieving proper slot 
alignment on both sides of the specimen was very difficult 
because the diamond blade warped for two reasons: One, the
cuts had to be performed slowly so the specimen would not 
feed into the diamond saw faster than it could cut.
Otherwise, the blade overheated and/or bowed resulting in a 
permanent plastic deformation. Second, the alignment 
micrometer would creep while the cut was being made and bend 
the blade. Both cases produced unacceptable slots, which 
veered away from the specimen centerline. As a result, 
several expensive diamond saw blades were damaged after 
machining a few specimens.

An successful alternative method to slitting the chevron 
slot was found. The slots in the remaining 25.4 mm samples 
and all 12.7 mm samples were machined by electrical discharge 
machining (EDM) by Dendick Engineering and Machining CO.
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After EDM, the depths of the chevron tip (aQ) were found to 
be out-of-tolerance because of inconsistent grip groove depth 
(S in Figure 2.1) that were used as a reference for aQ . In 
turn this was caused by a change in specimen design and 
remachining the grip grooves to match the test equipment. It 
was decided to test these specimens, because literature was 
found to correct the minimum stress intensity coefficient 
(Y*m) previously mentioned in Section 1.3.3.

Prior to sending the 12.7 mm specimens for EDM, the 
specimens were etched and marked with the proper orientations 
using the rolling direction as a reference. To avoid the 
problems described above and for ease of EDM, both grip 
groove and chevron notch were EDM in one step. This produced 
specimens with reasonable tolerances. Also the EDM method 
provides very narrow slit width (X) of approximately 0.203 mm 
(0.008"), well within the specification requirements of less 
than 0.762 mm (0.030").
2 .2.X Testing Equipment

Short rod testing was performed in tension, using a 
Fractometer II, which was developed specifically for testing 
short rod specimens of metallic materials by Terra Tek 
Systems of Salt Lake City, UT. The Fractometer II (Model 
4210) is fully automated to perform the required unloading 
cycles to compliance and validity checks. Figure 2.5 shows 
the toughness versus yield strength range it is equipped to 
test on 25.4 mm specimens, i.e. 25 to 242 MPaVm (23 to 220 
ksiVin). This system includes mechanical loading devices 
which incorporate load cell and displacement gages, and an
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electronic console with signal conditioners, load rate 
controls, computer interface, and an X-Y recorder. 
Furthermore, this system incorporates a computer and 
software, which operates the Fractometer II during the 
fracture test. The Fractometer II meets the requirements of 
ASTM E1304, using the alternate specimen geometry.
2.2.2 Temperature Control

Copper heating and cooling jackets were used for testing 
the specimens at cryogenic and elevated temperatures. These 
jackets were hinged on top and rotated with the specimen 
during testing. For cooling, liquid nitrogen is sprayed 
through four nozzles into each corner of the copper jackets; 
whereas, for heating four resistance heaters were used. The 
jackets heat or cool the specimens through conduction. Two 
thermocouples were used: 1) a control thermocouple in the
copper jackets near the heating/cooling elements, and 2) a 
monitoring thermocouple on the short rod specimen. The 
specimen temperature was controlled using a Love temperature 
controller. The specimens were held at the desired 
temperature for a minimum of 5 minutes prior to testing.
This system is an accessory to the Fractometer II, and has 
the capability to heat specimens from —196 to 550°C (—321 to 
1022° F) .
2.. 2 „3 Data Analysis

Load versus displacement curves are used to determine the 
type of crack growth behavior and are analyzed to determine 
the toughness of the material.

The two basic types of load versus displacement curves
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encountered during short rod testing are; 1) crack jump, and
2) smooth crack behavior. These are illustrated in Figure 
2.6a and b, respectively (14,16) . Crack jump behavior is 
characterized by crack instability, where the crack initially 
grows in a ideal manner followed by 'pop-in' or brittle crack 
initiation behavior. As the load is increased the crack 
jumps, and after propagating a short distance the load 
decreases and the crack arrests. This behavior can occur 
several times during a test, and at each point of instability 
the stress intensity reaches a critical value (KIvj) which is 
equivalent to the plane-strain fracture toughness. Smooth 
crack behavior is characterized by stable or ductile crack 
initiation, where the crack grows in an ideal manner 
resulting in a 'round-house* type load displacement curve. 
During a test both types of behavior require unloading and 
reloading, which measure the compliance through the unloading 
slope ratios, r. "This unloading slope ratio provides a 
method of determining the crack length at various points on 
the test record and therefore allows evaluation of the stress 
intensity coefficient Y*" (2). Generally, crack jump 
behavior indicates lower fracture toughness because the crack 
tends to grow in an unstable manner; whereas, smooth crack 
behavior occurs with stable crack growth.

Several features commonly encountered on the 
load/displacement curves provide valuable information as to 
the behavior of each specimen. These are: 1) hysteresis in 
unloading-reloading paths, and more importantly, 2) the slope 
of the unloading/reloading cycles or compliance measurement.



DISPLACEMENT
(a)

Q<o_l

DISPLACEMENT
(b)

Figure 2.6 Load versus displacement curve showing the 
different types of behavior in the short rod specimen. (a) 
crack jump behavior associated with brittle fracture, (b) 
smooth crack growth behavior associated with ductile 
rupture.
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These are illustrated in Figure 2.7 (14,16). The first, i.e.
unloading/reloading hysteresis, result in ambiguous slopes 
(Figure 2.7a), which introduce uncertainty in the measure of 
the specimen compliance. Hysteresis behavior is common and 
probably is caused by "bridges" of material at the edge of 
the crack front. These "bridges" or ligaments form where the 
crack front grows slower at the edge of the specimen than at 
the center due to decreased constraint. Generally, the 
compliance correlation is taken to be the central minimum 
slope of the hysteresis, which gives a good approximation of 
ideal linear elastic behavior. The second feature or the 
differences between the unloading slopes of the compliance 
measurement provides information concerning the plasticity. 
Idealized behavior in Figure 2.7b obeys the basic principles 
of LEFM which is displayed by linear unloading/reloading 
paths, lacking hysteresis. Elastic/plastic behavior, results 
when the slopes of the unloading/reloading cycles deviate 
from the origin of the load versus crack mouth displacement 
curve as shown in Figure 2.7c. If the material behaves in an 
elastic manner, the specimen would completely close when 
unloaded. However, the formation of a plastic zone at the 
crack tip and the resulting residual stresses prevent the 
specimen from completely closing. Thus the mouth opening or 
plasticity, can be taken as a measure "...of the degree to 
which LEFM assumption are violated" (16).

Most engineering materials do not exhibit ideal linear 
elastic behavior in the unloading/reloading compliance 
measurement, but display a combination of hysteresis and
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Figure 2.7 Important features of load versus crack mouth 
opening displacement (CMOD) curves of a short rod specimen 
are: a) hysteresis in unloading-reloading paths, b) ideal 
linear behavior, c) elastic-plastic behavior, and d) mixed 
mode behavior with plasticity requirements (14,16).
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elastic-plastic behavior. This behavior is demonstrated in 
Figure 2.Id. Since LEFM requires negligible plasticity, an 
elastic-plastic validity check has been developed for short 
rod specimens to account for any plasticity effects. The 
plasticity (p) is measured by a sequence of unloading and 
reloading cycles, which allows graphical determination of the 
"plasticity" from load versus crack mouth opening 
displacement (CMOD) plots as in Figure 2.7 c and d. The 
degree of plasticity 'p' is measured by the displacements 
ratio, Axq/Ax and must be between —0.05 and 0.1 for a valid 
short rod test. Values outside this range indicate excessive 
residual stresses (p < —0.05) or excessive plasticity (p > 
0.1), which may indicate specimen failure by plastic tearing 
instead of crack extension.

The plane-strain fracture toughness equation [1.16] is 
determined using different loads for the different types of 
behavior, as follows:

KIv = Y*m Pc/(bVw) 
Ivj = Y* Pn/(bVw )

KIvM = Y*m Pm/

K
[2 . 3 
[2 . 4 
[2 . 5

where ’ Kjv ' toughness based on smooth crack growth behavior, 
,Kjvjl toughness based on crack jump behavior, 'KIvM' 
toughness based on the maximum load, 'Pm1. Both 'Pc' and 
'Pn' are the critical loads for smooth crack and crack jump 
behavior, respectively. The stress intensity coefficient 
(Y*) as a function of the slope ratio can be found in ASTM
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E1304 (2) by:

Y* = exp(5.010 - 9.65r + 20.31r^ - 20.27r^ + 8.257r^)
[2.6]

Furthermore, the minimum value of the stress intensity 
coefficient (Y*m) can be found by inserting the critical 
slope ratio (rc) for a given specimen into equation [2.6] .
For the short rod specimen in this study (i.e. a/B of 1.45 
and aQ/W of 0.332) the critical slope ratio is 0.52, 
resulting in a Y*m value of 28.22. The accuracy of equation 
[2.6] is estimated to be ±0.5% for slope ratios between 0.2 
and 0.85.

Both Kjv and Kjvj are considered equivalent per ASTM 
E1304, but differ in the way they are experimentally 
determined. Kjv is determined from the critical load 
determined by the compliance measurements and the minimum 
value of the normalized stress intensity coefficient (Y*m). 
Kjvj is determined using the critical load 'Pn' and the 
associated normalized stress intensity coefficient (Y*) for 
each significant 'pop-in' or crack instability (> 5% load 
drop). The "...unloading/reloading cycles are used to 
determine the crack location at which the next jump will 
begin." (2). Each significant pop-in must fall within a 
critical slope ratio range (0.8rc < r < 1.2rc) to be valid. 
The average value of valid pop-ins is Kjvj. KiVM ^s 
determined from either smooth or crack growth behavior, using 
maximum load (Pm) with a slope ratio (r) less than 1.2rc, and
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the minimum normalized stress intensity coefficient (Y*m).
In retrospect, Kjv (KIvj) and KjvM are not equivalent. KIv 
(Kjvj) require (recommends) two unloading/reloading cycles to 
determine the material's compliance; but, KiVM does not 
require any unloading-reloading cycles as illustrated in 
Figure 2.6. kivm values lack the validity requirements and 
assumes that the maximum load will occur at the critical 
crack length, ac . For smooth crack behavior, KjvM will 
generally be close to Kjv . Whereas, for crack jump 
materials, the maximum load generally does not occur at the 
critical crack length (corresponding to the critical slope 
ratio, rc), and the value of KjvM may be very conservative 
because the calculation uses the minimum normalized stress 
intensity coefficient, Y*m (2). Values of KjvM are 
equivalent to Kjv (Kjvj) for perfectly brittle behavior, 
where these materials behave in a ideal LEFM manner.
2.2.4 Validity Requirements

General validity checks applicable to all types of short 
rod tests per ASTM E1304 (2) are as follows:

1) Specimen diameter (B) must be greater or equal to 
1.25(KQv/CTys)2,
2) Cracks must not deviate from the intended crack plane 
by more than 0.04B and fracture surface must be free of 
any major inclusions at the point where the toughness is 
measured (i.e. the crack front width 'b' is approximately 
one third B),
3) Specimen must meet dimensional tolerances.
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For smooth crack behavior the following additional 
requirements apply:

4> pm < i-^c'
5) -0.05 < p < 0.1,
6) Minimum of two unloading-reloading cycles are required 
to measure specimen compliance.

For crack jump materials the following applies:

7) The crack must arrest in the region of 0.8rc < r < 
1.2rc, where 'r1 is the slope ratio at the point of crack 
arrest and 'rc ' is the critical slope ratio, a function a 
for given type of specimen,
8) A pop-in must have a load drop of 5% or more to be a 
valid crack jump.

For calculations of Kjvlyj the following validity requirement 
applies:

9) The maximum load (Pm) occurs at slope ratios (r) less 
than or equal to 1.2rc, to ensure the loads used in the 
calculation of are related to the plane-strain 
toughness.

The purpose of the first validity requirement is to
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insure that of the crack front is constrained to plane-strain 
conditions so that the plastic zone is small compared to the 
crack length. The second validity ensures the fracture 
toughness is a true measure of the intended orientation and 
of a homogeneous material, i.e. there are not any significant 
anomalies in the fracture surface. The fracture may deviate 
from the intended plane for one or more of the following 
reasons; 1) inexact positioning of the chevron notch, 2) 
strong residual stresses, 3) anisotropy, and 4) coarse grain 
microstructure or heterogeneous material (2). The validity 
requirements for smooth crack growth guarantee that the 
specimen is under linear elastic conditions, allowing limited 
plasticity. In other words, the specimen must behave in a 
LEFM manner so that the toughness equations are valid. For 
crack jump behavior, the validity requirements guarantee that 
the loads used for calculation of Kjvj are related to plane 
strain, and are true instabilities. Loads occurring early in 
the test may be the loads required to initiate the crack at 
the tip of the chevron notch (not loads to propagate a 
crack). This requirement also applies to KjvM calculation, 
where loads occurring at slope ratios (r) greater than 1.2rc 
are used.
2.3 Fractoaraphv

Fractographic analysis of the short rod specimens was 
conducted, using both light and electron microscopy. Light 
fractographs taken with a Bausch and Lomb bellows camera were 
used to identify features on the fracture surfaces near where 
the toughness was measured - generally at a critical slope
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ratio (rc) of 0.52. This ratio occurs where the crack front 
width (b) is approximately equal to one third the specimen 
diameter (B). Subsequent, electron microscopy using a Jeol 
JXA-840 scanning electron microscope (SEM) produced 
fractographs of the critical slope ratio region where the 
toughness was measured. The type of short rod specimen 
behavior was characterized by the type of fracture and load 
versus CMOD records in this critical region.
2.4 Metallography and Hardness Testing

Samples for metallography were polished to 1 micron using 
standard metallographic procedures. Etching was performed in 
2% nital solution for 5 to 20 seconds. Hardness readings 
used a Rockwell C diamond point indenter. Each Rockwell C 
hardness value averages six readings, three near the surface 
and three at the center of the bar, measured on cross 
sections perpendicular to the rolling direction.

3.0 TEST RESULTS

The 25.4 mm short rod machined specimens were tested in 
the R-L orientation. The data were used to determine the 
fracture behavior across the brittle/ductile transition 
temperature. Whereas, the 12.7 mm specimens were tested in 
both R—L and L—R orientations to determine the effects of 
different bar stock orientations on the fracture properties 
of the various steel alloys. These data were required to 
compare the short rod results with both the instrumented 
precracked Charpy and CTOD test results performed by Grassl
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(3). The precracked instrumented Charpy and CTOD specimens 
had been tested in the L—R orientation (i.e. crack 
propagation perpendicular to the grain direction) across the 
transition temperature. Therefore, test results of the 12.7 
mm specimens in both orientations allowed the 25.4 mm R—L 
toughness as a function of temperature to be compared more 
accurately to Grassl's results of the other methods.
Although the 12.7 mm specimen was the largest specimen which 
could be machined in the L—R orientation from the bar stock, 
the 12.7 mm specimens were compared to the 25.4 mm L—R 
specimens to determine the effects of specimen size on the 
fracture properties. The individual test results for the
25.4 and 12.7 mm specimens are presented in Appendix A and B, 
respectively.
3.1. 25.4 mm Short Rod Specimens Results

The 25.4 mm short rod fracture toughness as a function of 
test temperature for the four steels of this study are 
examined in the following sections. These specimens were 
tested in the R—L orientation.
3.1.1 1Q45V Pearlitic Steels

The short rod fracture toughness data for both fine and 
coarse microstructure 1045V steel as a function of test 
temperature are summarized in Figure 3.1. For both 
microstructures the toughness increases with an increase in 
test temperature. Generally the pearlitic microstructures 
show similar lower and upper shelf toughness, with the fine
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Figure 3.1 Critical stress intensity as a function of 
temperature for the short rod fracture toughness test results 
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or low volume fraction pearlite/ferrite microstructure having 
a lower transition temperature.

The 25.4 mm short rod specimens machined from the high 
volume fraction pearlitic (i.e. coarse microstructure) 1045V 
steel were tested from of —25 to 141°C (—13 to 286°F) . The 
brittle/ductile transition temperature is between 90 and 95°C 
(194 and 203°F) and was accompanied by an abrupt increase in 
toughness of 21 MPaVm (19 ksiVin) from the lower to upper 
plateau.

The fracture surfaces were evaluated by fractography as a 
function of test temperature across the transition zone for 
the 1045V steel with the coarse microstructure. Four samples 
at the temperature indicated on the toughness-temperature 
data in Figure 3.2, were evaluated on the SEM; the resulting 
fractographs are shown in Figure 3.3. All fracture surfaces 
of the specimens below the transition region had a shiny 
faceted appearance without magnification. The fractograph in 
Figure 3.3a (—25°C) exhibits primarily brittle cleavage 
fracture. The 90°C sample in Figure 3.3b exhibits a mixed
mode fracture of cleavage. The fracture surfaces in both 
exhibit limited microvoid coalescence. Thus the transition 
in toughness shown in Figure 3.1 and 3.2 directly reflects a 
transition in fracture surface morphology and correspondingly 
a true transition temperature between 90 and 95°C. The 
transition in fracture surface appearance is directly 
mirrored by a change in the load displacement data. Below 
the transition region, the load versus displacement plots
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fractography was performed in the coarse or high volume 
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1045V COARSE STEEL

Figure 3,3 SEM fractographs of the coarse or high volume 
fraction pearlite microstructure, i.e. 1045V steel, tested 
at a) -25°, b) -90°, c) 95°, and d) 14 0°C. The fracture 
surface in a) and b) are below the transition temperature 
and display brittle cleavage fracture. While c) and d) were 
tested above the transition temperature and display 
microvoid coalescence, with increased dimple size with an 
increase in temperature.
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were characterized by crack jump or unstable crack growth 
behavior (between —25 to 90°C). In this lower plateau2 region 
the fracture toughness gradually increases from 55 MPaVm (50 
ksiVin) at —25°C to 88 MPaVm (80 ksiVin) at 90°C. Figure 3.4 
shows two types of load versus displacement plots which were 
found with crack jump behavior. The specimen tested at —25°C 
was the only specimen with classic crack jump behavior shown 
in Figure 3.4a, with multiple crack jumps and unloadings in 
the valid region resulting in a valid Kjvj result. On the 
other hand, the majority of specimens between the temperature 
range of 16 to 90°C (61 to 194°F), had only two or three 
crack jumps. Figure 3.4b shows that the pop-ins generally 
failed to arrest within the region for valid Kjvj results, 
therefore K q v  results are reported. K q v  is defined to be an 
a short rod toughness value not meeting all the validity 
requirements.

Between 90 and 95°C, the fracture toughness increased 
abruptly from 88 MPaVm (80 ksiVin) to a upper plateau of 
approximately 109 MPaVm (99 ksiVin). Furthermore, the load 
displacement curves were found to change from ’crack jump' to 
'smooth crack growth' behavior within this 5°C range.

2 The lower plateau or shelf in this study occurs in the 
temperature region where crack jump behavior in a load versus 
displacement record is prevalent. The fracture in this 
region is a mixed mode of primarily cleavage fracture with 
small regions of microvoid coalescence. The upper plateau or 
shelf is defined as smooth crack growth behavior where 
fracture occurs by ductile rupture.
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Figure 3.4 The two different types of crack jump behavior 
encountered in the Load versus displacement test record Of the 
coarse 1045V pearlitic microstructures: a) classic crack jump 
behavior with multiple valid pop-ins, b) large instabilities 
and erratic behavior with only one pop-in in the valid region 
(0.8rc < r < 1.2rc). These are direct traces.
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The upper plateau is characterized by smooth (stable) crack 
growth at 95°C and above and the fracture toughness remaining 
relatively constant, but the toughness results were not valid 
due to excessive plasticity. The compliance plasticity 
factor (p) was approximately 0.13 for all specimens in this 
plateau region, resulting in invalid 'p' factors (—0.05 < p < 
0.1). Additionally, the specimen size requirement was not 
met. In other words, the specimens displayed in the upper 
plateau elastic/plastic behavior and the toughness results 
probably are higher than under LEFM conditions. Therefore, 
the values are reported as K q v  values. Above 95°C, the 
appearance of the fracture surfaces changes from shiny 
faceted to woody without magnifications. Failure occurred by 
ductile microvoid coalescence as shown by fractographs in 
Figure 3.3c (95°C) and d (141°C). At 95°C the failure was by 
microvoid coalescence with some cleavage; whereas, at 141°C 
failure was by 100% microvoid coalescence with the matrix 
tearing around second phase particles. The change in the 
fracture mode that accompanies the higher toughness and 
smooth crack growth behavior is demonstrated in Figure 3.3 (a 
& b versus c & d). Correspondingly, the transition 
temperature for these changes in the coarse pearlitic 
microstructure lies between 90 and 95°C.

The 25.4 mm R—L short rod specimens machined of low 
volume fraction pearlitic (i.e. fine microstructure) 1045V 
steel were tested like the coarse specimens but only five 
specimens were tested between 24 and 100°C (75 to 212°F), and
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the results are included in Figure 3.1. The fractographs in 
Figure 3.5 generally demonstrated similar behavior as the 
coarse structure specimens. The transition temperature is 
between 45 and 66°C (113 to 151°F) and accompanied a fracture 
toughness increase of 32 MPaVm (29 ksiVin). The lower 
transition temperature of the fine compared to the coarse 
microstructure results from a smaller volume fraction of 
pearlite.

As demonstrated earlier, crack jump behavior occurs in 
samples tested between 24 and 45UC had toughness values 
ranging from 72 to 79 MPaVm (65 - 72 ksiVin). At room 
temperature, the load required to initiate the crack was 
higher than the load required to propagate the crack. This 
caused unstable crack propagation through the specimen 
without crack arrest so data was not collected. The specimen 
tested at 37°C (99°F) exhibited similar behavior as the 
coarse 1045V structure in Figure 3.4b, and only K q v  data were 
collected. In general, the fracture surfaces of these 
specimens are very similar to those with coarse pearlitic 
structure, i.e. they failed by brittle cleavage fracture as 
demonstrated by Figure 3.5a and b for the 24 and 45°C 
specimens, respectively. The cleavage facets are 
considerably smaller than in the coarse pearlitic steel, 
reflecting the smaller grain size. The specimen tested at 
45°C, initially exhibited smooth crack behavior but failed by 
a single crack jump so the toughness was determined by 
equation [2.5] using maximum load resulting in a KjvM value.
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1045V FINE STEELfS

Figure 3.5 SEM fractographs of the fine 1045V pearlitic 
steel tested at a) 24°, b) 45°, c) 66°, and d) 100°C, . The 
fracture surface in a) and b) are below the transition 
temperature and display brittle cleavage fracture, with 
increased regions of microvoid coalescence along some 
stringer in b). While c) and d) were tested above the 
transition temperature and display microvoid coalescence.
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The texture of the fracture surface was initially woody and 
became shiny and faceted. This change can be directly 
correlated to the load versus displacement plot. The initial 
woody texture indicates slow strain rates or smooth crack 
growth behavior. On the other hand, the shiny texture 
represents faster strain rates due to crack jump behavior. 
This specimen probably was near the brittle/ductile 
transition temperature, since it displayed both types of 
behavior. The SEM fractograph in Figure 3.5b, was taken in 
the shiny fracture region, since it displayed brittle 
behavior in the area the fracture is generally measured (i.e. 
b ~ 1/3 B). The corresponding changes in fracture behavior 
and the test record is further discussed and illustrated in 
Section 3.1.2 on the nontraditional bainitic steels.

Between 45 and 66°C, the fracture toughness of the fine 
1045V steel increases significantly from 77 MPaVm (70 ksiVin) 
to a upper plateau of approximately 109 MPaVm (99 ksiVin). 
Again, the type of load displacement curves were found to 
change from 'crack jump' to ’smooth crack’ behavior within 
this range.

Smooth crack behavior characterized the upper plateau for 
temperatures of 66°C and above. Unlike the coarse 1045V 
specimens, the fine specimens met the plasticity validity 
requirement, but did not meet the size requirements. These 
values are reported as Kqv . Again, the higher toughness and 
smooth crack behavior was characterized by the woody fracture 
appearance. Figure 3.5c and d shows the fracture behavior
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for the 66 and 100°C specimens failed by ductile microvoid 
coalescence and exhibit matrix-tearing around second phase 
particles. Therefore, the transition temperature for the 
fine pearlitic microstructure lies between 45 and 66°C.
.1*1.2 Non-Trad it ional Bainitic Steels

The fracture toughness data as a function of the test 
temperature for the two bainitic steels are summarized in 
Figure 3.6. Similar to the 1045V steels discussed above, the 
toughness of both steels increases with an increase in 
temperature. The toughness of the 0.35%C-Mn-Mo-V steel is 
higher at all test temperatures. The fracture surfaces in 
the nontraditional bainitic steel samples were examined as a 
function of temperature as already outlined for the coarse 
1045V steel (Figure 3.2). In each material SEM fractographs 
display the different fracture characteristics of the lower 
and upper shelves.

The 25.4 mm short rod specimens of 0.24%C-Mn-Mo-V 
bainitic steel were tested between —50 and 100°C (—58 to 
212°F) . Unlike the pearlitic steels this bainitic steel did 
not demonstrate such a narrow transition temperature range 
and had much smaller increase in fracture toughness within 
the range. In Figure 3.6, the transition temperature lies 
between 65 and 75°C (149 and 167°F); toughness increase is 
only 7 MPaVm (6 ksiVin).

Crack jump behavior occurs from —50 to 65°C, but is 
considerably different than the 1045V steels with pearlitic 
microstructures. Unlike the pearlitic steels (exception the
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Figure 3.6 Critical stress intensity as a function of 
temperature from the short rod fracture toughness test for 
the 0.24%C-Mn-Mo-V and 0.35%C-Mn-Mo-V steels. The 
fracture toughness for the 0.35%C-Mn-Mo-V steel is 
considerably higher and the transition temperature lower.
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—25°C sample), these bainitic specimens had much smaller 
multiple crack jumps in the valid slope ratio region (0.8rc < 
r < 1.2rc) as shown by a typical load versus displacement 
curve in Figure 3.7. The Kjvj values meet all validity 
requirements, but see Section 4.6 for the discussion on the 
out-of-tolerance condition, i.e. aQ .

Fractographs at both the lower and upper shelves, are 
presented in Figure 3.8. The light fractographs at low 
magnification display the shiny faceted texture. At higher 
magnification brittle cleavage was observed similar to that 
in the fine pearlitic microstructure as illustrated by the 
-50°C specimen in Figure 3.8a. As the temperature was 
increased, the fracture surfaces generally displayed 
increased relief with the cleavage facets increasingly 
surrounded by region of microvoid coalescence. All the 
specimens tested from 50 and 65°C (122 and 149°F) initially 
displayed smooth crack growth behavior, which was 
subsequently followed by crack jump behavior until final 
failure. These specimens generally behave in a crack jump 
manner and did so at the point the fracture toughness was 
measured (b ~ 1/3 B). However, the initial smooth crack 
behavior increases with temperature and correlates with a 
woody texture. These specimens did not meet the size 
requirement and are Kqv .

The specimen tested at 70°C (158°F), initially 
demonstrated smooth crack growth behavior, followed by a 
single crack jump or pop-in, then resumed smooth crack
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Figure 3.7 A direct trace of load versus displacement test 
record showing crack jump behavior commonly observed in the 
nontraditional bainitic steels. Generally the pop-ins are 
of much smaller magnitude than in the 1045V and 4140 steels 
Multiple crack jumps occur in the valid region of 0.8rc < r 
< 1.2rc. (0.24%C-Mn-Mo-V steel sample tested at room
temperature).



0.24%C-Mn-Mo-V STEEL

t

Figure 3.8 SEM fractographs of the nontraditional bainitic 
0.24%C-Mn-Mo-V steel tested at a) -50°, b) 70°, c) 75°, and 
d) 100°C. The fracture surface in a) below the transition 
temperature and display brittle cleavage fracture, with 
increasing regions of microvoid coalescence along some 
stringer in b), i.e. displays both modes. c) and d) 
demonstrate microvoid coalescence.
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growth. The fracture surface in Figure 3.9 can be directly 
correlated to the load displacement record. The fracture 
surface taken at low magnification in Figure 3.9a exhibits 
distinct stages in crack growth. Crack growth initiates with 
a woody texture consistent with ductile tearing. At the 
point where pop-in is observed on the load-displacement curve 
(Figure 3.9b), crack growth changes to a zone of cleavage 
which again is followed by a region of ductile tearing which 
corresponds to stable crack growth. This behavior is 
supported by the SEM fractograph in Figure 3.8b. Both types 
of fracture modes are displayed, where cleavage fracture is 
displayed in the lower right hand corner and ductile rupture 
in the upper left hand corner. Finally, the sample failed by 
a single catastrophic pop-in resulting in cleavage. This 
specimen was evaluated using the maximum load of the entire 
plot and did not meet the size requirement.

Above 70°C, all specimens displayed only stable smooth 
crack growth behavior. These specimens again showed woody 
texture at low magnification and microvoid coalescence at 
high magnification. A typical fractograph of the upper shelf 
is illustrated by the 75 and 100°C specimen in Figure 3.8c 
and d. The fracture toughness tested at 100°C, was 
approximately 9 MPaVm (8 ksiVin) lower than the average of 
102 MPaVm (92 ksiVin) for the upper plateau. The fracture 
surface of the 100°C sample showed somewhat larger microvoids 
and regions of intergranular fracture around the grains, 
which were not observed in the other upper plateau specimens.
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Figure 3,9 Comparison of a) short rod fracture surface and. b) 
a direct trace of the load versus displacement plot, which 
shows the relationship between woody and shiny faceted 
textures of fracture. The shiny texture show by arrows in a) 
correspond to the arrows in b) and occurs under high strain 
rates of crack jump or pop-in behavior. The woody texture 
occurs and static strain rates and smooth crack growth 
behavior. The 0.24%C-Mn-Mo-V steel sample was tested at 70°C 
near the transition temperature.
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The regions of intergranular fracture are shown in the 
fractograph of Figure 3.10. The intergranular or decohesive 
rupture may be due to phosphorus or manganese sulfides that 
embrittle the grain boundaries and result in a lower fracture 
toughness. Again the specimens did not meet the size 
requirement of 1.25(KQV/a^s)^ . The compliance plasticity 
requirement exceeded the maximum value of 0.1, but the 
maximum load plasticity requirement was met (l.IPc > Pm).
The toughness values are reported as Kqv .

Based on the fractographs observations, the curve was 
drawn with a step representing the transition temperature, 
although a straight curve could adequately represent the data 
without the SEM information. Transition behavior actually 
begins between room temperature (100% crack jump behavior) 
and the 50°C specimen with the initial smooth crack behavior 
followed by subsequent crack jump behavior. It ends below 
75°C (100% smooth crack growth and microvoid coalescence).
The fracture toughness increase is approximately 7 MPaVm, 
from 92 to 99 MPaVm (84 to 90 ksiVin).

The 0.35%C—Mn-Mo-V bainitic steel was tested between —54 
and 102°C (—65 to 216°F). Like the 0.24%C-Mn-Mo-V bainitic 
steel, this steel has a narrow transition temperature range 
and a small increase in the fracture toughness values (Figure 
3.6). The transition temperature occurred between 43 and 
61°C (109 and 142°F) and the toughness increased 10 MPaVm (9 
ksiVin), similar to the 0.24%C-Mn-Mo-V steel. Representative 
fractographs of the upper and lower shelves are presented in
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0.24%C-Mn-Mo-V STEEL i

Figure 3.10 SEM fractograph showing intergranular fracture 
in the region of stringers (possibly manganese sulfide) of 
sample tested at 100°C. These stringer are believed to 
contributed to the sudden drop in toughness in the upper 
plateau of the 0.24%C-Mn-Mo-V steel.
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Figure 3.11.
In the range of —54 to 43°C, crack jump behavior was 

observed which was very similar to that of 0.24%C-Mn-Mo-V 
bainitic steel (Figure 3.7). The specimens displayed 
multiple small crack jumps in the valid slope ratio region. 
All specimens did not meet the size requirements; however, 
they may be valid but they are considered as Kq v (Section 
4.2.4) . All fracture surfaces exhibited shiny faceted 
texture representative of brittle cleavage with some regions 
of microvoid coalescence as shown in Figure 3.11a, which is 
more common at higher temperatures. At the lower end of the 
transition region, 43 and 50°C (109 and 122°F), the specimens 
initially displayed smooth crack growth (i.e. woody fracture 
texture) then crack jump behavior (i.e. shiny faceted 
texture) until failure. The same behavior was observed in 
the 0.24%C-Mn-Mo-V specimens, where the smooth crack growth 
behavior occurred in the initial part of the test record and 
accounted for a larger fraction as the temperature increased. 
The woody textured fracture surfaces are produced by slow 
strain rate and stable crack growth. Therefore, the 
specimens at 43 and 50°C are within transition temperature 
range because they exhibited alternating mixed mode behavior 
previously illustrated in Figure 3.9. Figure 3.11b shows 
both types of fracture modes, similar to the 70°C 0.24%C-Mn- 
Mo-V specimen in Figure 3.8b.

The specimens tested at 61°C and above, all displayed 
stable smooth crack growth behavior and have the typical but
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0.35%C-Mn-Mo-V STEEL

Figure 3.11 SEM fractographs of the nontraditional bainitic 
0.35%C-Mn-Mo-V steel tested at a) -54°, b) 50°, c) 61°, and 
d) 102°C, . The fracture surface in a) below the transition 
temperature and display brittle cleavage fracture, with 
increased regions of microvoid coalescence along some 
stringer in b). c) and d) demonstrate microvoid coalescence. 
Generally the 0.35%C-Mn-Mo-V samples have a smaller dimple 
size than the 0.24%C-Mn-Mo-V nontraditional bainitic steel.
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better defined woody texture, i.e. it was more pronounced. 
Representative fractographs of this upper shelf is shown by 
the 61 and 102°C samples in Figure 3.11 c and d, where 
individual particles can be seen in each void. Also, the 
dimple sizes are finer than in the 0.24%C-Mn-Mo-V. Again the 
relief of the fracture surface increases with an increase in 
temperature. Like the 0.24%C-Mn-Mo-V samples, none of the 
plasticity validity requirements except for the 1.IPe > Pm 
requirement. The compliance plasticity factor (0.33 to 0.41) 
exceeded the allowable maximum value of 0 . 1 by a large 
margin. Furthermore, the minimum size given by 
1.25(KQV/GyS)  ̂ indicated that a specimen diameter between
63.5 and 7 6.2 mm (2.5 to 3") diameter was needed for LEFM 
conditions in the upper plateau (Section 3.2.2) . These 
results are reported as Kq v values.

As with the 0.24%C-Mn-Mo-V specimens, the curve through 
the data was drawn with a step indicating the transition 
temperature based on observations from the fractographs. The 
transition in fracture behavior starts above room temperature 
(100% crack jump behavior), and is complete below 61°C (100% 
smooth crack growth behavior). The fracture toughness 
increase is approximately 10 MPaVm, from 112 to 122 MPaVm 
(102 to 111 ksiVin).
3.1.3 Quenched and Tempered Steel - 4140 Toughness

The 4140 specimens were tested in the temperature range 
of —123 to 99°C (—189 to 210°F). Figure 3.12 shows the
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Figure 3.12 Critical stress intensity as a function of 
temperature from the short rod fracture toughness test for 
the 4140 quenched and tempered steel, heat treated to 
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temperature dependence of the toughness. The associated 
fracture surfaces are presented in Figure 3.13. The 
brittle/ductile transition temperature occurs between —80 and 
—5 6°C (—112 and —69°F). The range has the maximum toughness 
values.

Below the transition temperature the load versus 
displacement plots are typical of crack jump behavior between 
—123 to — 6 6°C (—189 to —87°F). The specimens tested at —123, 
-90, -80 and -73°C (-189, -130, -112, and -99°F), all 
displayed extreme crack jump behavior similar the peariitic 
steels in Figure 3.4b. At —123 and —80°C cracks propagated 
completely through the specimen once initiated so no data 
were collected. Specimens tested at —90 and —'73°C had only 
two invalid crack jumps, but KiVQ results were estimated.
All other validity requirements were met, including the size 
requirement. The fracture surfaces below the transition 
temperature had a very fine shiny faceted appearance, with 
little or no surface relief. They show the quasi-cleavage 
common in quenched and tempered steels. This quasi-clevage 
fracture behavior is shown by —123 and —73°C specimens in 
Figure 3.13a and b, respectively, The —73°C fractograph in 
Figure 3.13b shows regions of very fine microvoid 
coalescence.

The fracture behavior changed between —80 and —5 6°C 
probably near —7 3° as shown by the abrupt change in two 
specimens tested one degree apart. The —74°C specimen 
displays almost complete smooth crack growth behavior, but
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Figure 3.13 SEM fractographs of the quenched and tempered 4140 
steel tested at a) -123°, b) -73°, c) -74°, and d) 99°C. The 
fracture surface in a) and b) are below the transition 
temperature and display brittle quasi-cleavage fracture, with 
increased regions of microvoid coalescence along stringer in 
b). While c) and d) were tested above the transition 
temperature and display microvoid coalescence, with increased 
dimple size with increasing temperature.
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failed by a single crack jump. Whereas, the —73°C specimen 
displayed pure crack jump behavior. Another specimen showing 
similar behavior to the —74°C specimen was one tested at 
— 6 6°C. This specimen had a Rockwell C hardness of 31, higher 
than the mean of 28 for all specimens. This higher hardness 
apparently shifts the transition to slightly higher 
temperature (—73 to -6 6°C). The change in behavior did not 
result in any noteworthy increases in the fracture toughness, 
but was located in the region of maximum toughness. The 
fractographs showed the shiny and wood texture associated 
with the unstable and stable crack behavior, respectively.
In the area where the toughness is measured the —74°C 
specimen displayed ductile rupture behavior as shown in 
Figure 3.13c.

Specimens tested above the transition temperature were 
characterized by stable crack growth behavior at temperatures 
of —56°C and above. The fracture toughness decreases with 
increasing temperature from the maximum approximately 97 
MPaVm (88 ksiVin) to 75 MPaVm (68 ksiVin) at 99°C. Specimens 
in this region were valid in all respects. In other words, 
the specimens displayed linear elastic behavior. Therefore, 
the values are reported as KIv values. All specimens 
displayed the woody fracture appearance. Figure 13d shows 
the 99°C sample failed primarily by ductile rupture, and 
which is representative of the specimens tested above —56°C. 
Furthermore, the dimple size generally increased and became 
more elongated with an increase in temperature.
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3.2 12.7 mm Short Rod Specimens Results
The 12.7 mm specimens were tested in both R—L and L—R 

orientations to determine possible anisotropy caused by the 
rolling direction and to determine the effect of specimen 
size on the toughness. The 12.7 mm specimen data were 
superimposed on the 25.4 mm plots so the differences can be 
readily observed.
3 .2 . 1  Pearlitic 1045V Steels

Four specimens of each orientation were machined so two 
specimens could be tested above and two below the transition 
temperature determined by the 25.4 mm specimens. Initially, 
the first pair of specimens of the coarse pearlitic 
microstructure were tested in the same R—L orientation as the
25.4 mm specimens just above and below (90 and 95°C, 
respectively) the transition temperature. The toughness or 
plasticity of the specimens was so high that they yielded 
without crack growth (bulk yielding). Both these specimens 
resulted in completely invalid results. Therefore, the third 
specimen was tested at —27°C (17°F) and also gave bulk 
yielding behavior.

The L—R specimens were tested to find the temperature 
region which would result in valid data. The first L—R 
specimen was tested at —62°C (—80°F) and gave bulk yielding 
behavior. A second L—R specimen tested at —77°C (—107°F) 
failed by a single pop-in, which propagated completely 
through the specimen. Therefore, the one remaining R—L 
specimen was tested at —75°C (—103°F) which also bulk
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yielded. The remaining two L—R specimens were tested at —80 
and — 8 8°C (—112 and —126°F). The —80°C specimen failed by 
bulk yielding, while the — 8 8°C sample failed by a single 
pop—in.

All the 12.7 mm specimens resulted in bulk yielding at 
all test temperatures, except the — 88 and -77°C L—R specimens 
which failed by a single pop-in. The toughness based on the 
maximum load or KjvM (equation [2.5]) for this specimen was
97.4 MPaVm (88.6 ksiVin) . The Kjvyj value is very 
conservative since this calculation assumed a Y*m value of 
29.21. Therefore, it can be concluded that the change from
25.4 mm to 12.7 mm resulted in plane-stress conditions or 
size effects controlled failure due to excessive plasticity. 
Therefore, the test results are not plotted and no general 
conclusions can be made about the effect of test orientation. 
There were not any comparable specimens (R—L versus L—R) 
tested at the same temperature without bulk yielding. The 
fine pearlitic steel was not tested because of insufficient 
material.
3,2.2 Nontraditional Bainitic Steels

Eight 12.7 mm specimens were tested in both the R—L and 
L—R orientations (four of each). Both sets of the 0.24%C-Mn- 
Mo-V steel specimens were tested in the temperature range of 
—82 to 22°C (—116 to 72°F) and generally displayed crack jump 
behavior. The transition temperature was not precisely 
determined due to the limited number of specimens.

Due to the problems described above, testing was
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commenced at —82°C and progressively increased to 
approximately room temperature. Crack jump behavior similar 
to the 25.4 mm specimen was observed between —82 and —12° C, 
and the toughness ranged from 51.6 to 90.4 MPaVm (47.0 to
82.3 ksiVin). Both orientations displayed almost identical 
toughness values at a given test temperature. These values 
are generally valid except for the size requirement, which 
indicates specimen diameters ranging from 25.4 to 43.4 mm 
(1.0 to 1.7") are required.

The two specimens tested at 19 and 22°C (66 and 72°F) 
demonstrated primarily smooth crack growth behavior. The 
19°C R—L specimen produced several pop-ins within the the 
region of smooth crack growth behavior with one pop-in near 
the critical region. This specimen resulted in a K q v  of 93.6
MPaVm (85.2 ksiVin). The 22°C specimen in the L—R
orientation, also had smooth crack growth behavior but also 
bulk yielding. These results indicate transition temperature 
appears to shift to lower temperatures, which may be caused 
by the decreased constraint in the 12.7 mm specimens.

Figure 3.14 shows the 12.7 mm short rod toughness data as
compared to the 25.4 mm specimens. In general, the 12.7 mm 
specimens tested in the two orientations had similar 
toughness results and thus it can be concluded that 
anisotropy does not play a major role in the 0.24%C-Mn-Mo-V 
steels. One reason, may be the transformation induced 
plasticity exhibited when the retained austenite forms 
martensite. There is a significant size effect/increased
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Figure 3.14 Critical stress intensity as a function of 
temperature comparing the 12.7 and 25.4 mm diameter short 
rod fracture toughness data for the 0.24%C-Mn-Mo-V 
nontraditional bainitic steel. The R-L and the L-R 
orientations are essentially the same, indicating that 
anisotropy due to the rolling direction is not a majority 
factor. However, the 12.7 and 25.4 mm specimens do not give 
the same toughness values indicating that there is a 
significant size effect. The higher values found in the 
12.7 mm specimens are due to elastic-plastic effects, i.e. 
high plasticity.

CRITICAL 
STRESS 

INTENSITY 
(ksiVin)



T-3993 97

plasticity by using the 12.7 mm specimens compared to the
25.4 mm specimens. This conclusion is based on higher 
toughness values at a given temperature of the 12.7 mm 
specimens, and the apparent lower transition temperature.

The 12.7 mm specimens machined from the 0.35%C-Mn-Mo-V 
steel were tested in the same manner as the 0.24%C-Mn-Mo-V 
samples in both the R-L and L—R orientations (four of each) 
in the temperature range of —83 to 23°C (—117 to 73°F) . They 
displayed crack jump behavior at all temperatures so the 
transition region was not evaluated.

Testing started at —83°C and progressively increased 
23°C. Crack jump behavior similar to the 25.4 mm specimens 
was observed, although the magnitude of the pop-in was 
somewhat larger. Toughness ranged from 42.5 to 90.2 MPaVm 
(38.7 to 82.1 ksiVin). Both orientations displayed almost 
identical toughness for all test temperatures. One L—R 
specimen tested at —80°C (—112°F), showed extreme crack jump 
behavior and arrested after growing through the valid slope 
ratio region. These values are generally valid except for 
the size requirement, which indicates specimen diameters 
ranging from 19.3 to 41.1 mm (0.76 to 1.6") are required.

As in the 0.24%C-Mn-Mo-V samples, the 12.7 mm specimens 
tested in the two orientations had similar toughness results 
and anisotropy is not significant. The comparison of 
toughness from the 12.7 mm and 25.4 mm specimens in Figure 
3.15, indicates there was not a significant size effect 
because both sets of data overlap. This leads to the
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Figure 3.15 A comparison of the 12.7 and 25.4 mm diameter 
short rod fracture toughness data for the 0.35%C-Mn-Mo-V 
nontraditional bainitic steel. The R-L and the L-R 
orientations are essentially the same, indicating that 
anisotropy due to the rolling direction is not a majority 
factor. Furthermore, the 12.7 and 25.4 mm specimens also 
give the same values indicating that all specimen tested are 
valid and there is not a significant size effect.
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conclusion that the size validity requirements are not 
applicable to 0.35% C-Mn-Mo-V steel and need to be modified. 
One possible modification is to use an average flow stress 
[CJy = (<̂uts + which may be more representative of
the actual flow stress than the 0.2% offset method. The 0.2% 
offset gave low yield strengths due to an additional strain 
component, which shifts the load-displacement curve to the 
right as previously mentioned in Section 1.14. This was 
caused by the transformation of retained austenite to 
martensite (i.e TRIP or transformation induced plasticity 
behavior), which becomes more prevalent at lower 
temperatures. This is demonstrated by examining the specimen 
size requirement, 1.25(KQV/GyS) . As the TRIP phenomena
becomes more prevalent, the 0 .2 % yield strength decreases (as 
low as 0 .3outs in the non-traditional bainitic steels whereas 
in traditional steels the OyS is approximately 0-7(Juts) as 
previously illustrated in Figure 1.4. As the GyS drops, the 
(KQV/OyS)z term increases requiring larger short rod 
specimens or indicating the current specimen is invalid.
3.2.3 4J.4Q Steel Toughness Results

The 4140 12.7 mm specimens were tested in the temperature 
ranges of —110 to —82°C for the R—L orientation and —12 6 to 
—92°C for the L—R . Toughness ranged from 89 to 97.2 MPaVm 
(81.0 to 88.5 ksiVin) in the R—L orientation and limited data 
were collected in the L—R orientation due to bulk yielding. 
These short rod toughness data are presented in Figure 3.16 
with the 25.4 mm specimens.
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Figure 3.16 Critical stress intensity as a function of 
temperature comparing the 12.7 and 25.4 mm diameter short rod 
fracture toughness data for the 4140 quench and tempered 
steel. Only the R-L orientations is plotted since the L-R 
orientation resulting in bulk yielding of all specimens 
tested, indicating that anisotropy due to the rolling 
direction is significant. Furthermore, the 12.7 and 25.4 mm 
specimens also give the same relative values, but there is a 
shift to lower temperatures in the transition temperature. 
This may be either to differences in hardness resulting from 
heat treatment or may be due to specimen size effect.
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The specimens tested in the R—L orientation demonstrated 
crack jump behavior between —110 and —100°C whereas, the — 92 
and —82°C specimens displayed smooth crack growth behavior. 
Both specimens showing crack jump behavior (—110 and —100°C) 
had a single pop-in that propagated through the specimen, so 
the toughness was calculated using maximum load (Pm) which 
was just within the 1.2rc validity limit resulting in KjvM 
values (93 and 97 MPaVm or 85 and 89 ksiVin, respectively).
A Pm load in the region of slope ratios greater than 1.2rc is 
generally considered to be the load required to initiate the 
crack at the tip of the chevron notch instead of the 
resulting from plane-strain conditions. The use of these 
KIvM values assumes some smooth crack growth prior to the 
catastrophic pop-in. The —92°C specimens display smooth 
crack growth, but the second unloading after Pm was missed, 
therefore KjvM of 93 MPaVm (85 ksiVin) is reported. The 
—82°C specimen gave ideal smooth crack growth behavior and a 
valid Kjv value of 89 MPaVm (81 ksiVin). The validity 
requirements for all R-L specimens were generally met.

The first L—R specimen was tested at —92°C and resulted 
in bulk yielding. Therefore the remaining specimens were 
tested at decreasing temperatures (—111, —120, and —126°C) in 
an attempt to provide valid data. The —111°C sample also 
resulted in bulk yielding. The —120°C specimen jumped off 
the grips due to yielding the mouth of the specimen so no 
data were collected. Excessive plasticity was found in the 
—126°C specimen. Pm was used to determine the for this
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specimen giving a very high value of 190 MPaVm (172.9 
ksiVin).

The orientation effects clearly show anisotropic behavior 
with respect to the rolling direction; the L—R resulted in 
much higher toughness than the R—L orientation, but valid 
data was not collected. This is expected because the crack 
has to propagate across the rolling texture in the L—R 
orientation instead of along it for the R—L orientation.
With respect to size effects, the 12.7 mm samples gave 
similar toughness values as the 25.4 mm specimens, but 
shifted the transition temperature to the region of — 1 0 0 to 
—92°C from approximately —7 0°C in the 25.4 mm specimens.
This may be attributed to variations in heat treatment of 
different lots, resulting in slightly different hardness 
values.

4.0 DISCUSSION

In this section, a general review of the different 
microstructural classes are presented. Each steel of the 
study is then discussed in Sections 4.1 through 4.3. In 
Section 4.4, the short rod results are summarized and 
compared to each other and to the precracked instrumented 
Charpy and CTOD test methods (3). Furthermore, in Section
4.5 the short rod test method is compared to conventional 
methods utilizing the precracked specimen configuration of 
ASTM E399 (1). Finally, in Section 4.5 the validity of the
out-of-tolerance specimens is discussed.
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4.1 Pearlitic Steels
Ferrite, cementite, and pearlite are stable 

microstructures produced by diffusion controlled 
transformations at low cooling rates. They are produced by 
the decomposition of austenite, below the temperature, to 
ferrite and cementite in the Fe-C system. Pearlite, a 
lamellar structure of ferrite and cementite, forms by a 
eutectoid reaction at 727°C (1340°F). The spacing of the 
cementite lamellar is dependent on the temperature range of 
transformation and the degree of undercooling. As the 
transformation temperature is decreased or the degree of 
undercooling is increased, the interlamellar spacing is 
reduced and the density of pearlite colonies increases. 
Generally, austenite tends to decompose into proeutectoid 
phases well above the A-j_ temperature for compositions greater 
(hypereutectoid) or less (hypoeutectoid) than the eutectoid 
composition of 0.77%C. Proeutectoid ferrite forms below the 
A3 temperature in hypoeutectoid compositions, whereas, 
cementite forms below the Acm temperature for hypereutectoid 
steel compositions. Proeutectoid cementite is detrimental to 
the toughness of high carbon steels, therefore steels with 
this microstructure are not commonly used. The tensile and 
fracture properties of pearlitic steels are controlled by: 1 ) 
the volume fraction, grain size, and strength of the ferrite, 
and 2 ) the volume fraction, colony grain size, cementite 
plate thickness, and the interlamellar spacing in pearlite.

For the ferrite/pearlitic microstructures in this
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investigation (i.e. 1045V as-rolled steel), the strength 
increases with an increase in pearlite volume fraction or a 
decrease in the interlamellar spacing, and with a decrease in 
ferritic grain size. In contrast, the susceptibility to 
fracture by cleavage increases with an increase pearlite.
This results in lower toughness (22, 23) . Therefore, the 
brittle/ductile transition region can be expected to decrease 
with a decrease in the volume fraction of pearlite as 
demonstrated by the fine or low volume fraction pearlitic 
microstructure mentioned in Section 3.1.1, which had the 
lower brittle/ductile transition range (45 - 6 6°C) in Figure 
3.1. Other work using the short rod test indicates that the 
fracture toughness ranged from 50 to 64 MPaVm (45.5 to 58.0 
ksiVin) (7,24) for a 1045V steel, and 56 MPaVm (51 ksiVin) for 
an SAE 1541 steel, both tested at ambient temperatures (24). 
These results are lower than those reported in this thesis, 
which ranged from 65.8 to 75.1 MPaVin (59.9 to 68.4 ksiVin) 
at room temperature in the lower shelf.

In both fine and coarse ferrite/pearlite microstructures, 
vanadium additions form carbonitride precipitates in the 
ferrite, resulting in additional strengthening. In addition, 
the vanadium provides austenite grain size control at forging 
temperatures. The precipitation of the V(C,N) increases the 
strength and decreases the impact toughness; whereas, control 
of the prior austenite grain size refine the transformation 
product microstructure, which increases both the strength and 
toughness (23). Furthermore, niobium additions (which have a
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similar effect to vanadium) were found to increase the 
transition temperature and decrease the upper shelf toughness 
(25) .

In general, increased reheat temperatures increase both 
the yield and ultimate tensile strength and concurrently 
decrease the total elongation and reduction in area (23). 
These results are due to reduced volume fractions of 
proeutectoid ferrite and an increased fraction of pearlite 
(24). At extreme reheat temperatures of 1300°C (2372°F), the 
upper shelf properties are controlled by "...the 
distributions of sulfide inclusions contained in the 
continuous network of proeutectoid ferrite along the prior 
austenite grain boundaries. Concentration of the plastic 
strain in the proeutectoid ferrite provides the necessary 
conditions for microvoid initiation at the sulfide 
inclusions..." (23). Both pearlitic structures in this 
study, exhibited this type of fracture in the upper shelf 
region. The fractographs for the coarse, Figure 3.3c and d, 
and Figure 3.5c and d for the fine pearlitic steels, exhibit 
sulfide stringers which controlled the fracture in this 
region of smooth crack growth behavior. Furthermore, one 
hour austenitizing treatments were performed on the 1045V 
steel to reproduce the fine pearlitic microstructure (HRC ~ 
25). Examination indicated that the fine microstructure 
could be produced by austenitizing at 950°C (1742°F); 
whereas, the coarse microstructure (HRC ~ 28 - 29) required 
austenitizing around 1025°C (1877°F) (26). Therefore, it can



T-3993 106

be concluded that the coarse microstructure formed by cooling 
from a higher finishing temperature than the fine 
pearlite/ferrite microstructure. This is also supported by 
Leap (4), who concluded that the lattice parameters of the 
vanadium carbides indicate a pure carbide stoichiometery of 
VCq 9 ]_: which according to thermodynamic theory predicts the 
low volume fraction microstructure formed at a very low 
austenitizing temperature.
4.2 Bainitic Steels

Bainite is a metastable phase which forms by a 
combination of diffusion controlled partitioning of carbon 
and a shear-type transformation. They form by decomposition 
of austenite, during cooling from above the A3 temperature 
where austenite is stable. Bainite forms in the temperature 
range between the ferrite/pearlite and martensite fields, at 
intermediate cooling rates. Bainitic microstructures consist 
of an aggregate of acicular ferrite and carbides (generally 
cementite, Fe3<3 ) . The grain size and acicularity of the 
structure increases as the temperature decreases.
4,2,1 Traditional Bainitic Microstructures

Traditional bainitic microstructures are composed of 
bainitic ferrite laths with continuous cementite layers and 
form by either isothermal or continuous cooling 
transformations.

In a study of bainitic microstructures of low carbon 
alloy steels, Habraken and Economopoulos (27) determined that 
the bainitic microstructure formed by isothermal heat
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treatments produce ’classical' well defined upper and lower 
bainitic microstructures. The temperature required for 
formation of both microstructures is illustrated in Figure
4.1 (27). The transition between the upper and lower bainite
bands is approximately at 350°C (660°F), and this temperature 
is not greatly dependent on the composition. The lower 
bainite microstructure (below 350°C) is characterized by 
carbides aligned approximately 60° to the axis of the ferrite 
plates. The ferrite plates generally have tapered ends and 
are free of carbides. Carbides can form in ferrite plates 
supersaturated with carbon, and may be either epsilon 
transition carbide (£) or cementite. Epsilon carbide commonly 
occurs in steels containing aluminum or silicon (28). Upper 
bainite is comprised of larger ferrite plates bounded by 
cementite precipitates lying parallel to the preferred 
ferrite plate orientation and typically has a feathery 
appearance. The upper bainitic ferrite is generally free of 
carbon, resulting in carbides forming within the austenite.

The classical isothermal transformation microstructures 
vary considerably from bainitic microstructures that form 
during continuous cooling. Steels with identical thermo
mechanical histories and compositions can produce 
microstructures that vary considerably depending on the type 
of transformation. Isothermal transformations produce 
classical upper and lower bainitic ferrite/carbide 
microstructures; whereas, continuous cooled steels with 
bainitic microstructures generally consist of mixed



TE
M

PE
R

A
TU

R
E

T-3993 108

3

1

UPPER BAINITE!

LOWER BAINITE

TIME (LOGARITHMIC)

Figure 4.1 Schematic of an isothermal transition diagram 
showing the classical upper and lower bainite transformation 
regions (27).
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traditional upper and lower bainitic microstructures, unless 
the transformations are suppressed by the prior 
transformation of equilibrium products. Additionally, carbon 
rich zones are common and are composed of austenite and 
partly transformed martensite. The type of location and 
microstructure is determined by the austenitization 
parameters, finishing temperature, and cooling rates; with 
the alloying elements playing an appreciable role in 
determining the morphology of the structures. Three basic 
types of continuous cooled bainitic microstructures 
identified by Habraken and Economopoulos (27) are produced by 
intermediate cooling rates as illustrated on the CCT curve in 
Figure 4.2 (27). These microstructures depend on the cooling
rate and from fast to slow are: 1 ) acicular bainitic 
ferrite/carbide, 2) massive or granular bainitic, and 3) 
bainitic microstructures with partial formation of 
equilibrium products.

Acicular bainitic ferrite/carbide microstructures form in 
lower carbon alloy steels (or medium carbon steels with 
higher cooling rates). The primary constituents are ferrite 
and cementite. In lower carbon alloys, martensite forms at 
higher temperatures allowing upper bainite to form readily. 
Lower bainite formation is often suppressed and difficult to 
distinguish from 'self-tempered' martensite. Occasionally, 
distributions of carbides form in the bainitic ferrite which 
resemble upper and lower bainite. Generally, this type of 
microstructure forms in the first bainitic band in Figure 4.2
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Figure 4.2 Schematic diagram of an continuous cooling 
transformation (CCT) showing the major bainitic 
transformation regions as characterized by Habraken and 
Economopoulos (27).
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due to ..the position and size of the equilibrium 
transformation regions make it impossible to obtain other 
structures" (27) .

The second bainitic band in Figure 4.2 consists of 
massive or granular bainite, which consists of coarse ferrite 
plates that generally form at slower cooling rates. The 
boundaries often consist of linear segments, which often 
delineate the austenite grain boundaries with irregular 
lightly etched particles. These light etching particles 
generally consist of a two-phase field of austenite and 
martensite. These two-phase particles result from 
"...depression of the Ms temperature with decreasing cooling 
rate due to the rejection of carbon into austenite as ferrite 
and bainitic structures form on cooling" (28). The austenite 
in these regions has a large interstitial element content. 
Massive or granular microstructures only occur after 
continuous cooling and are produced by incomplete 
transformation resulting in bainite with retained austenite 
and martensite. Such microstructures are not found in 
isothermally transformed products.

The third transformation band in Figure 4.2, consists of 
bainitic structures with partial formation of equilibrium 
products and can exhibit more-or-less pearlitic features. 
These transformations often occur at relatively slow cooling 
rates, which can allow formation of abundant proeutectoid 
ferrite.

A close relationship has been observed between the
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transformation temperature of bainite (initial formation 
temperature) and the tensile strength of bainite 
microstructures formed by continuous cooling. Lower tensile 
strengths of approximately 690 MPa (100 ksi), are produced by 
bainitic microstructures containing carbides primarily along 
grain boundaries or in clusters (27). This microstructure 
also displays lower impact strengths. The brittleness is 
explained by the decreased width of the ferrite plates and 
precipitation of carbides between the ferrite plates. As the 
formation temperature of bainite decreases, the strength 
increases as the morphology of the microstructure changes. 
High tensile strengths (1180 MPa or 170 ksi) and impact 
strengths are associated with microstructures formed at low 
temperatures, because the carbides precipitate inside the 
ferritic plates, due to limited carbon diffusion (27).

Fracture properties of steels with granular bainitic 
microstructure depend on the quantity, size, distribution, 
and geometry of the granular ferrite. In these steels, 
optimized strength and toughness is obtained by reduced 
average ferrite size which results from decreased carbon 
content or final rolling temperature (29).

The rolling/forging temperature affects the fracture and 
mechanical properties because mechanical deformation 
influences the transformation kinetics of the austenite.
This deformation increases lattice imperfections, and the 
distribution of the precipitates (27). Steels that contain 
granular bainite exhibit higher fracture strengths than those
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with continuous cooling microstructures of polygonal ferrite 
and bainite or those with bainite/martensite mixtures. 
Brittleness in bainitic-ferritic-austenitic-martensitic 
microstructures increases with coarsening of the 
microstructure and locking of the dislocations (27).

Desirable properties can be further enhanced by suitable 
tempering treatments, due to clustering and spheroidization 
of grain boundary cementite films. Tempering at low 
temperatures produced inferior properties due to 
transformation of continuous cementite films, and segregation 
of phosphorous and sulfur at grain boundaries. Upper bainite 
microstructures lead to severe loss of yield strength and 
embrittlement caused by the coarse structure and carbide 
precipitation on the austenite boundaries (27).

In summary, Habraken and Economopoulos (27) illustrate 
that the continuously cooled bainitic microstructures are 
more brittle than isothermal bainite, because of the presence 
of acicular martensite. Furthermore, the coarsest structures 
often lead to brittleness due to the form, size, and number 
of austenite/martensite particles. Also, the granular or 
massive bainite contains a high dislocation density, which 
favors the formation of microcracks. These properties can be 
improved by thermo-mechanical treatments which lead to finer 
recovered structures, with improved impact strength almost to 
the levels of tempered martensite.
4 . 2, u2— Nontraditional Bainitic Microstructures

Traditional bainite microstructures generally have low
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fracture toughness caused by coarse carbides. Nontraditional 
bainite structures are composed of bainitic ferrite and 
retained austenite which substitutes for carbides. Austenite 
is retained by silicon additions which suppress carbide 
formation. Retained austenite can occur in blocky or thin 
film morphologies. Blocky retained austenite generally is 
not thermally or mechanically stable and easily transforms 
into martensite, which may to be detrimental to fracture 
toughness. On the other hand, thin films of retained 
austenite (with an interlath morphology) should have higher 
stability, both thermally and mechanically (30): 1) interlath 
retained austenite is expected to have a higher yield 
strength making plastic deformation more difficult (due to 
increased carbon of the austenite), and 2 ) the transformation 
of austenite to martensite requires a volume expansion which 
is more difficult to accommodate due to the relatively rigid 
ferrite laths,. In other words, the stability of retained 
austenite is believed to increase as the film thickness 
between the ferrite laths decreases resulting in higher 
toughness at a given temperature.

The thin interlath films of this stable retained 
austenite probably to inhibit crack growth and improve 
toughness by (31): 1) requiring the crack to traverse a 
composite material (composed of finely spaced interphase 
interfaces of varying crystal structures), and 2 ) blunting 
due to the enhanced deformation of softer retained austenite. 
This infers a minimum film thickness of retained austenite
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may be needed to inhibit adequately crack growth. At the 
very least the improved toughness may be due to the 
substitution of the austenite for brittle carbides.

In these nontraditional bainitic steels, toughness 
increases with the ratio of thin film to blocky austenite . 
"Such control depends on the assumption that the bainitic 
plates formed by a shear reaction contain excess carbon which 
subsequently diffuses into the residual austenite until a 
composition is reached at which the austenite can no longer 
transform martensitically" (32). In other words, for stable 
thin films of austenite to form, the transformation must 
continue until interlath retained austenite forms, but not 
far enough for carbide formation. This control on the type 
of retained austenite has been achieved by increasing the 
maximum permissible degree of bainitic transformation by 
several methods (31): 1) by reducing the overall carbon
content (without a drop in strength) to promote post
transformation partitioning of carbon into the retained 
austenite (which allows a critical level of carbon needed for 
transformation at the later stages), and 2) modification of 
the steel with substitutional alloys which allow the 
austenite to tolerate more carbon before the bainitic 
transformation becomes impossible. If the transformation 
occurs at too low a temperature; traditional bainitic 
structures with carbides may form and tend to have a smaller 
volume fraction of blocky austenite.

Interlath films of retained austenite are detrimental to
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fracture toughness of steels as Horn and Ritche (33) found 
with films of austenite in tempered 4340. They attributed 
the deleterious effect on toughness to the instability of the 
austenite caused by the following mechanism: 1) upon 
tempering the films of austenite became unstable and 
decomposed forming interlath cementite; and 2) upon 
subsequent mechanical deformation, the remaining austenite 
would transform into martensite due to destabilization caused 
by carbon depletion. Similar effects would occur in the 
nontraditional bainitic steels of this study if tempered at 
sufficiently high temperatures (31). Syn et al. (34)
reported that the transformation of retained austenite is not 
necessarily detrimental in all tempered steels. For instance 
they tested a tempered 9Ni steel in liquid nitrogen, and 
found that transformation of the interlath retained austenite 
to a ductile martensite3 was not detrimental to fracture 
toughness. These specimens displayed ductile rupture, with 
sub-micron sized dislocated martensite "which did not 
embrittle the alloy and may act to promote low temperature 
toughness" (34). Therefore, if the alloy content is 
sufficiently high for the austenite to be both thermally and 
mechanically stable, it should be beneficial to toughness. 
Furthermore, the transformation of austenite to martensite 
due to plastic deformation at the crack tip, should reduce

3 Solute atoms of nickel occupy substitutional positions in 
martensitic structures of nickel/iron alloys, resulting in a 
soft ductile martensite (35).
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the energy available for crack propagation and 
correspondingly improve the toughness (36). This mechanism 
is believed to occur primarily in the higher alloy austenitic 
steels.

The nontraditional bainitic microstructures are 
summarized by Miihkinen and Edmonds who stated that:

..the optimum properties of a bainitic microstructure for 
high strength and high toughness combinations consists of a 
bainitic ferrite and interwoven laths of retained austenite 
instead of cementite, this condition being achieved through 
silicon addition to steels. The thin films of retained 
austenite are thermally and mechanically stable and act to 
reduce the effective fracture grain size and also possibly 
help to blunt propagating microcracks: blocker volumes of 
retained austenite are unstable and hence not beneficial to 
toughness" (37) .
These conclusions were based on studies of two experimental 
steels nominally designated as Fe-0.2%C-2%Si-3%Mn and Fe- 
0.4%C—2%Si—4%Ni. These two nontraditional bainitic steels 
showed superior impact toughness when compared to tempered 
martensitic microstructures (produced in these same steels), 
provided the volume ratio of thin film to blocky austenite is 
greater than 0.9 (37). They were austenitized at 950°C for 
15 minutes and isothermally transformed in a salt bath for 90 
minutes at temperatures ranging from 250° to 400°C, in 25° 
increments. The room temperature plane-strain fracture 
properties ranged from 60.6 to 160.1 MPaVm (55.2 to 145.8.3 
ksiVin) for the Mn alloy steel, and 47.0 to 91.5 MPaVm (42.8 
to 83.3 ksiVin) for the Ni alloy steel. In the Mn alloy, the 
toughness increased continuously with a decrease in the
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transformation temperature. The microstructure consisted of 
upper bainitic ferrite with interlath retained austenite at 
the higher transformation temperatures, but the ferrite 
matrix changed from bainite to martensite with decreased 
temperature (while still retaining films of austenite). "In 
this case, however, because of the low C content of the Mn 
alloy, lath rather than (brittle, high carbon) plate 
martensite forms. The presence of lath martensite, which is 
similar to upper bainitic ferrite, does not result in a 
reduction in toughness below the Ms temperature" (37). On 
the other hand, in the Ni steel the fracture toughness 
properties of upper bainite (> 300°C) increased with 
decreasing transformation temperature; whereas, the toughness 
decreased as lower bainite is formed. This result is 
surprising because lower bainite should have higher toughness 
the replacement of embrittling films of interlath carbides in 
the upper bainite by retained austenite films'. In summary, 
the optimum bainitic microstructure in these steels was 
composed of upper bainite free of interlath carbides (which 
are replaced with retained interlath rather than blocky 
austenite), and contained minimal plate martensite (37).

In the bainitic steels of this study, the continuously 
cooled nontraditional bainitic microstructure were somewhat 
different than the isothermal microstructures studied by 
Miihkinen and Edmonds (37), because the present structures 
were formed by continuous cooling from 1100°C. The ferrite 
evolved from an acicular lathlike morphology at faster
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cooling rates (2.5°C/s) similar to region I in Figure 4.2; to 
a granular appearance at slower cooling rates (1.0°C/s) in 
region II of Figure 4.2 (3). This change is a result of
decreased temperature for start of in the bainite 
transformation (3) . At the faster cooling rates (2.5°C/s) 
the "...volume fraction of the second phase and the carbon 
content of the (0.24%C-Mn-Mo-V) steel indicates that the 
second phase is likely to be either austenite or an 
austenite-martensite constituent" (3). On the other hand, 
the 0.35%C—Mn—Mo—V steel was not observed to have the 
martensitic inflections on radial dilatation measurement 
found in the 0.24%C-Mn-Mo-V steel. At even slower cooling 
rates achieved by air cooling, microstructures of both 
0.24%C—Mn—Mo—V and 0.35%C-Mn-Mo-V displayed some polygonal 
ferrite similar to region III of Figure 4.2. The 0.35%C-Mn- 
Mo-V steel had larger volume fraction of the polygonal 
ferrite and traces of pearlite. Additionally, the 0.35%C-Mn- 
Mo-V also had larger fraction of retained austenite as 
indicated by x-ray analysis.

The two continuously cooled nontraditional bainitic 
steels of this study have fracture toughness which were 
greater (for temperatures greater than 0 and 30°C, 
respectively) than 4140 steel tempered to an equivalent 
hardness. This higher toughness is probably due to the 
retained austenite in these nontraditional steels (3). 
Supporting data from Heitmann and Babu (24) shows the effect 
of retained austenite on the fracture toughness of several
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microalloyed steels in Figure 4.3. The toughness improves 
with an increase in retained austenite. This trend is 
believed not to occur indefinitely, since blocky or pools of 
retained austenite may start to form at high austenite levels 
due to incomplete transformation. Again, blocky forms are 
not as thermally and mechanically stable and may transform to 
brittle martensite degrading the toughness.

In the two 0.24%C-Mn-Mo-V and 0.35%C-Mn-Mo-V steels, the 
exact effect of the retained austenite is unclear. The 
improved toughness can be attributed to either the presence 
of soft retained austenite or to the absence of cementite. 
Figure 4.4 (37) shows a diagram of the various mechanisms
which have been proposed to explain the affect of retained 
austenite may affect the toughness of steels. The effect of 
the retained austenite on the fracture properties are 
primarily based on its stability and morphology, which govern 
how the austenite reacts in the triaxial stress state of the 
crack tip.

Based on the previous discussion the fracture toughness 
for the continuously cooled nontraditional bainitic steels 
(0.24%C-Mn-Mo-V and 0.35%C-Mn-Mo-V) probably depends on the 
stability of the retained austenite. In these steels, the 
retained austenite in the bainitic structure results in 
easier plastic deformation, which would "...effectively 
release the three-dimensional stress concentration on the 
crack tip and force the crack to change its propagation 
route" (29), and thus increase the toughness. Furthermore,
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this increased deformation may result in crack closure 
effects as follows: 1) as stress and resulting induced strain 
is applied to the crack tip, the retained austenite 
transforms to martensite, 2) a volume expansion is 
associated with the transformation from austenite to 
martensite (3), 3) the expansion produces compressive 
residual stress at the crack or notch tip, and 4) the 
compressive residual stress tends to increase the stress 
needed to propagate the crack, similar to crack closure 
effects in fatigue crack growth. This fracture mechanism 
depends on the stability and the transformation of the 
retained austenite to martensite. Thus, the test 
temperatures controls the extent of the transformation 
because the mechanical stability of the retained austenite is 
a function of temperature. Below the transition temperature, 
the mechanically stability of the retained austenite 
decreases with temperature. This is supported by x-ray 
analysis by Grassl (3) for retained austenite in the strained 
tensile specimens (Section 1.1.4) . Grassl found substantial 
amounts of retained austenite were not detected until 78 to 
103°C for the 0.24%C-Mn-Mo-V steel; and, between 52 and 7 8°C 
for the 0.35%C—Mn—Mo—V steel (3). In these temperature 
ranges, retained austenite became increasingly stable after 
mechanical deformation. These ranges correspond fairly well 
with the transition from brittle to ductile behavior in the 
short rod specimens, i.e. 65 to 75°C and 43 to 61°C for the 
0.24%C —Mn —Mo —V and 0.35%C-Mn-Mo-V steels, respectively.
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Therefore, it is concluded that the retained austenite is 
stable above the transition region. This stability decreased 
with a decrease in temperature: resulting in decreased 
toughness as more of martensite forms. The degree that the 
crack closure mechanism may have contributed to the overall 
toughness is unknown.

Above the transition temperature the retained austenite 
is both mechanically and thermally stable. This stability of 
the retained austenite explains the high toughness of the 
upper plateau. This mechanism agrees with Miihkinen and 
Edmonds (37) who believe that the toughness increases with 
increasing mechanical stability of the retained austenite for 
the following reasons; 1) retained austenite was found in the 
fracture surfaces, and 2) the transformation of retained 
austenite in upper bainite would result in brittle high- 
carbon martensite.

The effect of the increased yield strength with 
temperature is secondary to the formation of martensite at 
the crack tip. This conclusion is supported by the fact that 
in most steels the fracture toughness generally decreases 
with increased yield strength (assuming all other variables 
are constant). In other words, with an increase in yield 
strength the amount of plastic deformation at the crack tip 
decreases and results in a smaller plastic zone at the crack 
tip and thus lower toughness. Contrary to this behavior, in 
the 0.24%C—Mn—Mo—V and 0.35%C-Mn-Mo-V steels being studied, 
the yield strength decreases with a decrease in temperature
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as the transformation of austenite to martensite becomes 
easier. The increased yield strength, would be expected to 
result in a smaller plastic zone and decreased toughness, 
which is not the case. Therefore, the fracture properties 
must be controlled by another fracture mechanism not directly 
related to the yield strength, but to the mechanical 
stability of the retained austenite.

In both these continuously cooled nontraditional steels, 
the toughness can be improved further with modifications of 
the microstructures. This can be accomplished by an increase 
in the stability of any retained austenite and elimination of 
undesirable constituents from the microstructure. The 
stability of the retained austenite can be increased by 
addition of silicon. As a result of air cooling both steels 
displayed nontraditional bainitic microstructures with 
polygonal ferrite (region III of Figure 4.2). The 0.35%C-Mn- 
Mo-V steel displayed a higher fraction of polygonal ferrite. 
Therefore, a higher cooling rate of both steels can eliminate 
the eguilibrium phase (polygonal ferrite and pearlite).
Grassl showed higher cooling rates by quenching in boiling 
water are not practical, because displayed martensitic 
microstructures are produced in both steels. Therefore, an 
intermediate cooling rate (i.e. 1.0°C/s) (3) are needed to
achieve 100% nontraditional bainitic microstructures4. By

4 In both steels at slower cooling rates (0.5°C/s) (3) the 
polygonal ferrite becomes more prominent with the 0.35%C-Mn- 
Mo-V also displaying a large fraction of pearlite.
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forced air cooling it ". ..would be difficult to produce 
uniform radial cooling at all points along the entire surface 
of the bar" (3). Therefore, the practical alternative is to 
increase the hardenability of these steels so that 100% 
nontraditional bainitic microstructures can be achieved 
during air cooling (without forming detrimental regions of 
austenite and martensite). Another alternative may be 
changing the forging finishing temperature. Additionally, 
the purity of these steels needs to be improved by reducing 
deleterious elements, primarily the 0.24%C-Mn-Mo-V steel.
This is demonstrated in the short rod fractographs in Figures 
3.8 and 3.11, for the 0.24%C-Mn-Mo-V and 0.35%C-Mn-Mo-V 
steels, respectively. The stringers in these fractographs 
decrease the toughness, primarily on the upper shelf. Both 
steels contain fairly high levels of both sulfur and 
phosphorous: i.e. 0.028%S and 0.016%P in the 0.24%C-Mn-Mo-V, 
and 0.019%S and 0.012%P in the 0.35%C-Mn-Mo-V steel. In 
conclusion, future studies are needed to find ways to insure 
that the retained austenite structure is maximized without 
detrimental regions of martensite.
4.2.3 Comparison of the 0.24%C-Mn-Mo-V and 0.35%C-Mn-Mo-V 
Nontraditional Bainitic Steels

The primary compositional differences between the two 
bainitic steels of this study are in the contents of Si and 
Mn, and C. The 0.35%C-Mn-Mo-V steel has a higher Si content 
(0.79% versus 0.41%); whereas, the 0.24%C-Mn-Mo-V steel has a 
higher Mn content (1.78% versus 1.46%). The higher Si level
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probably produces a higher volume fraction of the thin film 
retained austenite and improved toughness. Also, higher Si 
increases the stability of the retained austenite from 
martensitic transformation. On the other hand, the higher Mn 
level in 0.24%C-Mn-Mo-V steel probably produces banding of 
the microstructure along the longitudinal orientation (27). 
Furthermore, the 0.24%C-Mn-Mo-V steel has higher sulfur which 
combined with Mn would produce higher levels of manganese 
sulfide stringers, which are more prevalent in this steel.

The different carbon contents affect the hardenability of 
the two steels, with respect to the bainitic transformation 
temperatures. This will also affect the amount of retained 
austenite in the microstructure. Also, higher hardenability 
may result in regions of austenite-martensite, which degrade 
the toughness.
4.2.4 Short Rod Fracture Testing and Validity Reguirements

In both continuously cooled, nontraditional bainitic 
0.24%C —Mn —Mo—V and 0.35%C-Mn-Mo-V steels, the specimen size 
or B > 1.25(KQV/GyS)^ •̂ , was too small for valid test results 
because true plane strain was not achieved at the crack tip. 
This was discussed at the end of Section 3.2.2, in comparing 
the 12.7 and 25.4 mm specimens in Figure 3.15. For the 
0.24%C—Mn —Mo—V steel, with less retained austenite, the 
toughness depends on sample diameter. The toughness of the 
smaller 12.7 mm specimens was higher than the 25.4 mm 
samples, and is shown in Figure 3.14, due to limited 
constraint at the crack tip. However, the toughness in the
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0.35%C-Mn-Mo-V steel was independent of specimen diameter so 
there is not a size effect. This led to the conclusion that 
the 0.35%C—Mn—Mo—V specimens at both diameters were valid.
The incorrect validity size requirement, was due to the use 
of the TRIP controlled 0.2% offset yield strength. This 0.2% 
offset increases the (KQV/GyS)® ^  term and produces an 
unrealistically large specimen size requirement. A more 
realistic effective flow stress o f [(°uts + °yS)/2] was 
suggested. Furthermore, other validity requirements such as 
the compliance plasticity factor (p) may be affected by TRIP 
behavior. This factor measures the difference in compliance 
before and after the maximum load in smooth crack growth 
behavior to insure there is not excessive plasticity. This 
factor may be affected if the slopes of the compliance 
measurements are altered by crack closure effects (Section 
4.2.2) due to the TRIP behavior.
4_̂.,3 Quenched and Tempered Steel - 4140

Martensite is a metastable phase formed by a athermal, 
diffusionless, shear type transformation from austenite at 
rapid cooling rates, i.e. quenching5. The martensitic 
transformation is a function of the degree of undercooling 
below the martensitic start temperature (Ms). Therefore, 
high cooling rates insure that the diffusion dependent 
transformation phases, such as, pearlite and ferrite will not

5 Retained austenite can transform into martensite through 
plastic deformation, as discussed with the nontraditional 
bainitic steels .
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form. The carbon and alloy content, and the austenite grain 
size affect the required cooling rate to form martensite.

Martensite commonly occurs as laths and plates.
Depending on the carbon and alloying content, which influence 
the Ms temperature in Figure 4.5 (28) as shown on the iron- 
carbon phase diagram. Lath martensite forms in low to medium 
carbon steels. Laths, which align in packets within an 
austenite grain, form a fine acicular microstructure with a 
high dislocation resistance (related to the high Ms formation 
temperature). Appearance of lath martensite is much more 
orderly than plate martensite. Plate martensite forms in 
high carbon content steels. The microstructure is 
characterized by plates with random orientations. A major 
characteristic is the existence of microcracks which develop 
in large martensite plates as a result of impingement of 
plates of different (28). A fine austenitic grain size 
limits the number of large plates and thus microcracking.
The fine microstructure is composed of deformation twins and 
bands of plate martensite, and a fine dislocation structure 
which is more prominent at higher carbon content. Generally, 
the plate martensite is more brittle than the lath martensite 
and more sensitive to cracking.

Martensite forms below room temperature in steels with 
carbon contents greater than 0.3%, therefore, retained 
austenite will be observed in the microstructure of samples 
quenched to room temperature. As the amount of alloying 
elements that stabilize austenite increase, the amount of
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retained austenite will increase for any given carbon level 
and temperature. All alloying elements except cobalt 
increase M g, which influences the hardenabi1ity and 
determines the amount of other phases (i.e. bainite, etc.).

Tempering improves the as-quenched toughness, lowers the 
strength, and increases the ductility of martensitic 
microstructures. Tempering relieves the lattice distortion, 
caused by carbon atoms trapped in octahedral sites, and 
allows carbon diffusion and carbide formation. Additional 
driving force for the tempering processes are provided by: 
the high strain energy associated with the fine dislocation 
or twinned structure, and the high interfacial energy due to 
the high density of lath or plate boundaries. As a result, 
on a macro level these driving forces act to relieve residual 
stresses produced during quenching. Retained austenite will 
transform to ferrite and cementite, and martensite will 
eventually be replaced by a mixture of ferrite and carbide, 
through diffusion if allowed to reach equilibrium conditions.

A major portion of the strength in tempered martensite 
originates in the fine effective ferrite grain size, which is 
inherent in the small martensite needles, and the uniform 
distribution of carbides. Both these factors contribute to 
the fracture properties. The fine ferrite needles are 
favorable, because they are obstacles that force microcracks 
to deflect to different fracture planes and absorb energy. 
Furthermore, the strength and toughness are also generally 
controlled by the martensite colony size, which influence the



T-3993 132

cleavage facet size (32) in brittle fractures.
The short rod fracture toughness of the 4140 steel, as 

shown in Figure 3.12, decreases with increased temperature 
from the maximum toughness near the ductile/brittle 
transition temperature. Similar behavior has been 
encountered in various carburizing steels using short rod 
specimens (38). In the study by Cutler and Leslie on 
carburized steel (38), the fracture toughness was examined at 
temperatures ranging from 22 to 400°C. Eight grades of 
carburizing steel with varying microstructures were studied 
(4820, 8620, 9315, EX-55, CBS 600, CBS 1000M, EX-00053, and 
Vasco X-2M). All carburized steels were produced with various 
melting practices, ranging from air induction melting to 
vacuum induction melting/vacuum arc remelting.

Those with tempered martensite microstructures (9315, 
EX-55, EX-00053, and CBS 1000M), the 9315 and EX-55 displayed 
decreasing toughness from room temperature to approximately 
300°C (572°F) . The EX-00053 and CBS 1000M steels showed a 
significant increase in toughness between room temperature 
and 100°C (212°F) associated with changes in fracture 
appearance and corresponding fracture behavior, i.e. the 
transition temperature. The EX-00053, and CBS 1000M steels 
exhibit crack jump behavior at the lower temperature 
corresponding to brittle cleavage, and smooth crack growth 
associated with ductile rupture at higher temperature. Above 
the transition temperature the toughness also generally 
decreased. At least some of the unusually low toughness in
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one variant of the CBS 1000M steel was attributed to a high 
sulfur content (0.023% for low toughness versus 0.007% for 
high toughness). The steels (4820, 8620, CBS 600, and X-2M) 
with mixed microstructures that contained either bainite or 
large fractions of ferrite generally had decreased toughness 
with increased temperature, except that the X-2M steel showed 
transition behavior similar to the EX-00053 and CBS 1000M 
steels. The 4140 shows similar behavior in Figure 3.12. The 
decreased toughness with increased temperature reflects the 
effect of temperature on necessary void growth during ductile 
failure.

The impurity of the 4140 steel accounts for the decreased 
toughness with increased temperature in the upper shelf 
region. Assuming relatively constant inclusion content, a 
decrease in the flow stress with increased temperature causes 
dimples to grow from the large stringers found in this steel. 
This is demonstrated in Figure 3.13c and d, where the size 
and width of the dimple increases with the temperature 
between —74 and 99°C. The corresponding decrease in 
toughness would be much less had the fracture specimens been 
tested in the opposite L—R orientation, i.e. across the 
grain. This theory is supported by the relatively high 
sulfur and phosphorous contents in this steel (0.021% for 
both).
4.4 Comparison of the Short Rod to Other Fracture Test
Methods

In this section a brief summary of the short rod results
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is presented (Section 4.4.1) . These results are then 
compared to a study by Grassl on the same steels using the 
instrumented Charpy and CTOD test methods (Section 4.4.2) . 
Before the comparison, stress intensity and compliance 
function for Charpy and CTOD test methods are discussed 
because they are used to explain some of the differences in 
the test results.
4.4.1 Summary of Short Rod Fracture Toughness

The short rod fracture toughness data for the four steels 
of this study are summarized in Figure 4.6, a plot of 
toughness versus temperature in which the data points in 
Figures 3.1, 3.6, and 3.12 are omitted for clarity. At 
cryogenic test temperatures, the 4140 steel has the highest 
toughness, but drops as the 0.35%C-Mn-Mo-V steel increases, 
so that the 0.35%C-Mn-Mo-V steel has higher toughness above 
0°C (32°F). Compared to the 4140 steel, the 0.24%C-Mn-Mo-V 
has higher toughness above 30°C and the 1045V above 50°C.
4.4.2 Short Rod Toughness versus Instrumented Charpy and CTOD 
Toughness

The fracture toughness versus temperature curves of the 
four steels in this study are compared to those obtained by 
Grassl (3,39). There are three major regions on each curve: 
the lower shelf, the transition region, and the upper shelf. 
The fracture results of each steel (fine and coarse 1045V, 
nontraditional bainitic 0.24%C-Mn-Mo-V and 0.35%C-Mn-Mo-V, 
and the quenched and tempered 4140 steels) will be compared 
in each region for the various test methods.
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In the following paragraphs the formulation of the stress 
intensity for both the instrumented Charpy and CTOD specimens 
will be used to explain the differences between the various 
test methods, primarily in the nontraditional bainitic 
steels. Both instrumented Charpy and CTOD test methods 
utilized identical precracked three point bend specimens, but 
were tested at different strain rates (dynamic versus static, 
respectively). The critical stress intensities for both the 
instrumented Charpy (K* & Km) and CTOD (K§) were calculated 
from:

where 'P' was the critical load, and the dimensions 'B', and 
'W' are determined from the specimen. 'Y', the compliance 
calibration function, is a function of the original crack 
length to sample width ratio, a0/W, and is determined by:

For the instrumented Charpy the critical load is 
determined using both maximum and the elastic loads 
(calculated using equivalent energy methods) (3). For the 
CTOD method, the critical load is based on the type of load 
and CMOD test records. The three basic types of crack

[2 . 1]

6 (a o /W )  1 /2  ( l . 99  -  ( a o / W ) [ l - ( a o / W ) ]  [ 2 . 1 5  -  3 . 9 3 ( a o / W )

[ l  + 2 ( a o / W ) ]  [ l - ( a o / W ) ] 3/2

[2 .2]
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behavior displayed by the various CTOD samples in this study 
are illustrated in Figure 4.7. Unstable brittle crack 
extension (8C  ̂ behavior (Figure 4.7a) occurs when (ductile 
tearing) precedes fracture. For this case, initial and final 
crack lengths are approximately equal (aQ * af). Figure 4.7b 
shows the second type of behavior (8 ) , which is brittle 
cleavage fracture after slow stable crack growth. In this 
case, af is larger than aQ and is a function of the amount of 
stable crack extension. In the last type (8m) , maximum load 
is achieved before specimen failure occurs (Figure 4.7c). The 
CTOD value used is measured at maximum load, where a^ is much 
greater than aQ .

The instrumented Charpy method gives good approximations 
of the critical stress intensity (Km), because the critical 
or maximum load always occurs at the initial crack length 
(aQ) during crack initiation (3). In the CTOD method, this 
is always true for 5C behavior where initial and final crack 
lengths are equal (aQ = a^). However, the critical stress 
intensity (K§) determined by equation [2.1] becomes 
increasingly conservative resulting in low toughness as the 
degree of stable crack extension preceding the critical load 
increases, i.e. 8U and 8m behavior.

In the lower shelf under linear elastic fracture 
conditions, both instrumented Charpy and CTOD methods should 
give identical results. Above the critical temperature the 
dynamic Charpy fracture curve diverges toward higher 
temperatures than the static CTOD fracture curve if the



T-3993 138

CO

LU

CO

>

LU

CO
j >

(d) avcn

p C
P CD G
o P

s
ta

b
le

O
PQ ?

CO

-rH
P
o

(D
(P CO

p  
1—1

G
P

o CO p P
-P CD

p
CO
CD p  (—• CD

Cn g
CO

p
CO

p cd
u

-rH 
(| |

O
C

G CD cd
-H c a) > -rH
P -H p -rH _i i—1co eh P - r i O,
a) cd G

Cn
-H
CO

g
4-) CO > O

CtJ • p o
0) CD P CD
p P cd CO P

P
-P

CD
P CD o c P
p p i—1 O P
o 5 CD >cd g > G
P • V p G p -rH
4-1 p g -pH CO

Pp -H
Q 5 P P P
O o cd i—I C Cn
Eh p g P cd G
o Cn CO CDCD CD g i—[
p Pi P p COo U -P —" M
4-4 03 G CD

P P cd CD cdco O Cn o P p
P P P u
o Q) o p P
i—1 l--1 p CO -H 1—(
0, P P CD cd cdcd -P P p -rH
P P P
G CO CO Q o -H
0) g p O p G
g p p Eh -H
0) o O p
o !>1 o o CD
fO PI o CD -rH P

rP P P P
a 1—1 p P aco -rH p P

-H cd 5 CD CO O
TS 4-4 o P p

p P p CD
CO p Cn a CO
P O P o P
CO -H Pi O o
p > U P O
CD cd cd p P
> P p G p

cd u O 5 CD
P Pi -rH O Prd CD P P P
o a) I--1 U Cn
PI a PI g

> i cd p M P
P -P p O P

r - CO cd 5
• r—< >1 p O

P
CO po p

-rH
o P

Cn
CD T3 -H cn CD
P £ > c l--1 MP cd cd CD P a
Cn P P cd cd

- H O CD G p p  •
P4 CO £ } -rH CO CD >h



T-3993 139

steels are sensitive to strain rate affects. Generally this 
is not true for the steels of this study, except for the 
coarse 1045V steel.

Conversely, the CTOD toughness curves can be shifted to 
lower toughness than instrumented Charpy toughness data if 
stable crack growth occurs. The CTOD load versus 
displacement curves, in steels with this effect, exhibit 
either 8U or 8m behavior with extensive stable crack growth up 
to the critical load. This results in low toughness values 
because equation [2.2] assumes the initial crack length (aQ), 
which in turn cause low 'Y' values and thus a low critical 
stress intensity from equation [2.1] . Using the actual crack 
length at failure (â ) in equation [2.2] would give higher 
and more realistic CTOD toughness values.

Both the CTOD and short rod test methods give valuable 
information on the crack stability under static strain rates. 
As shown by three behavior types displayed in the load versus 
displacement curves in Figures 2.6 and 4.7. The CTOD 
toughness values are calculated based on the type of crack 
initiation behavior the specimens displayed on the test 
records, i.e. 8C, 8U, and 8m . The 8C and 8U behaviors are 
comparable to the crack jump behavior and Sm is comparable 
smooth crack growth of the short rod specimen. Generally, 
this information cannot be determined in a Charpy test. At 
best it may be estimated from differences in crack initiation 
and propagation behavior in load versus time curves when 
tested at various temperatures.
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The short rod toughness data compare favorably to the 
results of Grassl for the fine 1045V steel in Figure 4.8.
Both the instrumented Charpy and CTOD specimens give 
identical results, indicating that this fine pearlite/ferrite 
microstructure is not sensitive to the dynamic strain rates 
encountered during instrumented Charpy testing. Furthermore 
in the lower shelf region, short rod toughness compared very 
favorably with the other two techniques. Generally in the 
lower plateau, LEFM conditions dominate and all specimens 
failed by cleavage. The effects of specimen constraint and 
orientation are not significant and all samples exhibited 
unstable growth, large initiation energies, and limited 
plastic deformation.

In the upper plateau stable growth, ductile initiation, 
and plastic deformation prior to the maximum load become more 
significant and produce great differences in critical stress 
intensities from each method. Generally, the short rod 
toughness increases abruptly on the upper plateaus are 
shifted to higher levels, because of the increased constraint 
in the short rod specimen as compared to the instrumented 
Charpy results. A comparison of the instrumented Charpy and 
short rod toughness indicates that the loads calculated by 
the equivalent energy method are unrealistic high toughness. 
This is justified and is demonstrated by the fine pearlite 
steel in Figure 4.8, since the two instrumented Charpy 
methods (Km and K*) bound the short rod data and
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Figure 4.8 Critical stress intensity as a function of 
temperature, comparing the of fracture toughness obtained by 
Grassl (3) with the short rod toughness of this study 
(Figure 3.1) for fine 1045V as received samples.
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the short rod upper shelf lies closer to the maximum load 
calculation (Pm)•

The strain rate effects are readily demonstrated by the 
two 1045V pearlitic microstructures. Apparently, the fine 
pearlitic microstructure was not affected by the strain rate, 
since both dynamic (Charpy) and the static (CTOD and short 
rod) tests gave similar transition regions (21 to 66°C for 
Charpy versus 45 to 66°C for short rod and —11 to 41°C for 
CTOD). On the other hand, the coarse microstructure was 
sensitive to strain rate, as shown in Figure 4.9. The lower 
shelf shifted to lower instrumented Charpy toughness, while 
the transition region shifted to higher temperatures.
Similar lower plateau short rod fracture toughness would also 
have been expected in the coarse 1045V steel, if the 
specimens had been tested at lower temperatures. The 
transition in fracture behavior for the short rod occurs 
between 90 to 95°C, and for the instrumented Charpy it occurs 
between 100 and 175°C.

Previously unpublished instrumented Charpy data for 
coarse and fine are plotted in Figure 4.10 (39). The 
transition behavior regions were determined by the two 
critical stress intensities (Km & K*) for the instrumented 
Charpy samples; these stress intensities are equivalent under 
linear elastic or plane-strain conditions, but deviate as 
elastic-plastic (plane-stress) behavior becomes prevalent 
with an increase in temperature. This deviation may indicate 
the start of the brittle to ductile transition region.
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Figure 4.10 A comparison of the precracked instrumented 
Charpy fracture testing data (from Grassl) for both the fine 
(3) and coarse (39) pearlitic microstructures of the 'as 
received' 1045V steel. This data shows a similar trend as 
the short rod data shown in Figure 3.1, where the transition 
temperature occurs at higher temperatures for increasing 
volume fractions of pearlite. Note: that the upper and 
lower plateaus are the same for sets of data.
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Similarly the transition temperature can be estimated from a 
CTOD versus temperature plot. This instrumented Charpy data 
shows a similar trend as the short rod data shown in Figure 
3.1, where the transition region shifts to higher 
temperatures with an increase in the volume fractions of 
pearlite. Also, both test techniques (Figures 3.1 and 4.10) 
show that the two pearlitic microstructures give the same 
toughness levels in the lower and upper shelves.

The fracture toughness from the short rod, instrumented 
Charpy, and CTOD (3) test methods varied for both 0.24%C-Mn- 
Mo-V and 0.35%C-Mn-Mo-V steels in Figures 4.11 and 4.12, 
respectively. In these both nontraditional bainitic steels 
the CTOD stress intensity (K§) results are considerably lower 
than the other two test methods, because of the use of the aQ 
instead of a^ in the compliance coefficient calculation 
previously mention. Therefore, if CTOD testing had occurred 
at lower temperatures than 5C behavior (aQ equal to â ) would 
have been expected to predominate. Then, the toughness 
curves of the CTOD test method would be expected to coincided 
better with the other test techniques, with similar behavior 
as the fine 1045V steel in Figure 4.8. Both microstructures 
of the 1045V steel generally exhibit CTOD - 5C behavior. Also
the CTOD specimens exceeded the normalized crack depths 
requirement in both nontraditional bainitic steels (0.45 < 
aQ/W < 0.55). According to the CTOD test specification (40), 
these deep fatigue cracks have resulted in a small ligament 
and lower maximum loads on the test record, and thus low
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Figure 4.11 Critical stress intensity as a function of 
temperature, comparing the of fracture toughness obtained by 
Grassl (3) with the short rod toughness of this study 
(Figure 3.6) for the 0.24%C-Mn-Mo-V nontraditional bainite 
steel.
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Figure 4.12 Critical stress intensity as a function of 
temperature, comparing the of fracture toughness obtained by 
Grassl (3) with the short rod toughness of this study 
(Figure 3.6) for the 0.35%C-Mn-Mo-V nontraditional bainite 
steel.
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stress intensities.
The upper shelf and transition regions in the maximum 

load instrumented Charpy and short rod data were essentially 
the same for the 0.24%C-Mn-Mo-V steel. The transition 
regions were —55 to 98°C and 65 to 75°C, respectively. The 
size effects in the 12.7 mm short rod specimens in Figure 
3.13 are believed shift the instrumented Charpy upper plateau 
so the two test results are equivalent.

Each method gave different lower plateaus and transition 
regions in the 0.35%C-Mn-Mo-V steel. The short rod toughness 
curve was similar to that of the instrumented Charpy 
equivalent energy load calculations but not the instrumented 
Charpy maximum load. The deviation in the critical stress 
intensities of the Charpy data gave a transition region 
between — 90 and 51°C; whereas, the CTOD data gave a 
transition between —11 and 28°C. The short rod transition is 
between 43 and 61°C. One factor that may account for the 
large variation in toughness for the 0.35%C-Mn-Mo-V steel 
fracture data is the way the plastic zone at the crack tip 
reacts to the different strain rates and constraint in each 
type of specimen. In other words, how does the different 
test conditions affect the TRIP behavior.

The fracture toughness of the 4140 steel measured by all 
test methods decreased with increased temperature as shown in 
Figure 4.13. The decrease in toughness has been attributed 
to increased ductile dimple size caused by decreased flow 
stress with increased temperature (Section 4.3). This dimple



T-3993 149

nsQ_

t
CO2
LUh-
cocn
LU 
CC I—cn_i<o
DCO

220

200

180
160

140
120
100

80
60

40
20

0

i i i i l i T T1~T  "T '" l  I  I  |  I  I I  I

4140 STEEL 
AUSTENITIZED 1 HR @  845°C, OIL QUENCHED, 

TEMPERED 1 HR @  670°C

| I I I I | I I— i— r j- r-

FRACTURE TESTING TECHNIQUE
■ INSTRUMENTED CHARPY / EQUIVALENT ENERGY (GRASSL) 
□ INSTRUMENTED CHARPY / MAX LOAD (GRASSL)
• CTOD (GRASSL)
—  SHORT ROD 
■ ■ ■ 1 ■ * ■ ■ 1 ■ ■» ■ 1 ■ ■ ■ ■ 1 ■ ■ ■ ■ 1 ■ ■ 1 * ■ ■ ■ ■ ■ ■ ■

-125 -100 -75 -50 -25 0 25 50
TEST TEMPERATURE (°C)

75 100

200

180

160

140

120

100

80

60

40

20

O
33

O>r“
CO

3 3m
CO
CO

mz
CO
—I-<
3?C/5

125

Figure 4.13 Critical stress intensity as a function of 
temperature, comparing the of fracture toughness obtained by 
Grassl (3) with the short rod toughness of this study (Figure 
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behavior was more readily observed in the short rod results 
in Figure 3.12, because these specimens were oriented so the 
toughness is measured parallel to these stringers. The CTOD 
and instrumented Charpy samples (maximum load) were tested 
perpendicular to the stringers so the decreased toughness is 
not as easily explained. The short rod data gave similar 
upper shelves toughness values as the CTOD technique, which 
was believed to be conservative since all the 4140 CTOD 
specimens demonstrated 5m behavior and lies under instrumented 
Charpy curve. This CTOD behavior is similar to that of the 
nontraditional bainitic steels.

The 4140 steel transition regions are approximately the 
same for all test methods. In the instrumented Charpy data 
they range between —72 and —5 9°C; for the short rod data from 
—80 to —56°C. The instrumented Charpy upper shelf toughness 
is considerably higher than the short rod toughness. This is 
opposite the behavior found in the other steels, and probably 
is caused by anisotropy. In this steel, the L—R specimens 
(Charpy) have much higher toughness than the R—L (short rod) 
samples as demonstrated in the 12.7 mm short rod results in 
Figure 3.16. All L—R specimens failed by bulk yielding, but 
several successful tests were performed on the R—L samples.

In the following paragraphs, differences in the relative 
toughness (upper shelf) between the four steels and each test 
method are explained. The calculated stress intensities for 
the four steels are compared in Figures 4.14 (3) and 4.15 for
the maximum load Charpy and the CTOD data, respectively. At
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Figure 4.15 Comparison plot of the CTOD fracture stress 
intensity versus temperature from Grassl (3) for the steels 
in this study (except for the coarse 1045V microstructure). 
This data shows a the 4140 steel has higher toughness over 
the entire temperature range tested and a lower transition 
temperature, similar to Figure 4.14.
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all test temperatures the toughness of the 4140 is the 
highest, and the much lower toughness of the 1045V steel and 
the two bainitic steels are similar. These results differ 
from the short rod data in Figure 4.6, where the toughness of 
the 4140 steel is the highest only below 0°C while the 
toughness of the 0.35%C—Mn-Mo-V steel is highest above 0°C .

The different temperature dependence of the toughness is 
shown by different test methods, can be explained by four 
primary reasons. First, the orientation of the test samples 
is opposite and the 4140 steel is anisotropic. The CTOD and 
instrumented Charpy impact specimens were both machined so 
the toughness was measured across the grain direction (L—R), 
whereas the short rod specimens were measured with the grain 
direction (R—L).

The 1045V steel is probably also anisotropic although all 
specimens resulted in bulk yielding, but neither 
nontraditional bainitic steel is significantly anisotropic, 
partially due to TRIP behavior and to the loss of rolling 
texture during austenitizing at 1100°C.

The second primary difference between the methods is the 
formulations of the stress intensity or toughness equations 
and the loads used. Both the Charpy and CTOD calculations 
used equation [2.1], where the compliance function (Y) is 
based on the initial crack length 'a0'. Therefore both these 
methods measure the toughness during crack initiation (40).
In contrast, the short rod technique utilizes the actual 
crack length 'a' to calculate the stress intensity
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coefficient (Y*). Therefore, unlike the other methods, the 
short rod test measures the toughness of a crack which has 
propagated (crack jump) or is propagating (smooth crack 
growth). Although all three method use the critical load, it 
may occur at different locations on the load versus 
time/displacement records. One Charpy method utilizes the 
maximum load, which always occurs during crack initiation in 
the materials studied (3). The CTOD test technique measures 
the stress intensity at the critical load, but these assume 
the initial crack length. This is reasonable for unstable 
crack growth (5C) , but not for large crack extension due to 
stable crack growth (5 and 5m) .

The third primary difference is in specimen constraint as 
controlled by crack geometry and specimen size. The Charpy 
and CTOD methods utilize a fatigued precracked three-point 
bend specimens with a square cross-section of 10 by 10 mm 
(0.39 x 0.39"). The short rod method uses 25.4 mm or 12.7 mm 
diameter specimens without fatigue precracking. All steels 
except the 0.35%C-Mn-Mo-V steel were affected by size effects 
(Figure 3.15). In the CTOD data, both the nontraditional 
bainitic steels can be expected to have slightly higher 
toughness for specimens with the proper crack length (0.45 < 
aQ < 0 .55) (40) .

The fourth difference between the test methods is that 
the Charpy was performed under dynamic conditions while the 
CTOD and short rod tests were performed under static 
conditions. Of the four steels, only the coarse pearlitic
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microstructure 1045V steel was significantly affected by the 
loading rate as shown in Figure 4.11. The other steels 
studied by Grassl did not show strain rate effects. He 
concluded: "The transition of the brittle to ductile 
transition behavior of the four steels indicates that there 
is not a significant shift in the transition temperature as a 
function of strain rate" (3). The dynamic strain rate did, 
however, increase the upper shelf toughness values from those 
determined from the CTOD data (3). This was attributed to 
the fatigue precracking of the Charpy specimens which 
provided increased constraint and reduced the strain rate 
sensitivity (3).

In conclusion, the CTOD method gives reasonable critical 
stress intensity values for 8C type behavior, but values that 
are much too low for materials, which exhibit considerable 
stable crack growth (Su and 5m behavior), such as the other 
steels in Figure 4.15, especially the bainitic steels.

The differences between the maximum load Charpy (Figure 
4.14) and the short rod toughness (Figure 4.6) curves 
primarily results from differences in the toughness of the 
4140 and 0.35%C-Mn-Mo-V steels. The 4140 steel had superior 
resistance to dynamic crack initiation and propagation at all 
test temperatures in the Charpy fracture results (3). This 
higher toughness results from the L-R orientation: the 4140 
steel benefited from favorable grain/stringer orientation 
effect. Anisotropy was not as prominent in the other steels. 
Conversely, short rod testing, in the opposite R—L
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orientation shows decreased toughness of the 4140 steel in 
that direction and with an increase in temperature. Thus, 
the nontraditional bainitic and pearlitic steels exhibited 
better toughness values at higher temperatures.
i-i.5 Plane-Strain Toughness - Short Rod Versus ASTM E399

In this section the differences in plane-strain fracture 
toughness values between the short rod and ASTM E399 test 
method are discussed. To emphasize these differences in the 
toughness results, Section 4.5.1 uses aluminum alloys as an 
example to demonstrate how the volume of material tested can 
affect toughness. Furthermore, the differences in the 
toughness measurement of the two techniques are explained 
using R-curves. In the final section (4.5.2), the toughness 
of steel alloys are compared with results from both methods.
4.5.1 Volume and R-Curve Differences

Plane-strain fracture toughness values obtained by the 
short rod and ASTM E399 test methods are discussed below. 
Fracture toughness values based on the short rod specimen 
correlate with plane-strain fracture toughness values 
obtained by ASTM E399 (16,22). However, the short rod plane- 
strain toughness (Kjv, Kjvj) values are not always directly 
comparable to plane-strain values generated by ASTM E399 
(Kic), primarily in high toughness aluminum alloys. Kiv 
diverges from Kjc as the toughness of aluminum alloys 
increases above 40 MPaVm (36.4 ksiVin), and generally being 
greater than Kjc values. This deviation is illustrated in 
Figure 4.16 (41,42), which shows the toughness is higher for
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Figure 4.16 Fracture toughness as determined by ASTM E399 as 
a function of toughness determined by the short rod method.
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the short rod than by ASTM E399 test methods. This behavior 
can be attributed to two major effects; 1) real toughness 
variations due to the actual volume of material tested, and 
2) different test locations on the crack growth resistance 
curves (R-curves).

In thick materials, the toughness often varies with 
position through the cross sections as is commonly 
demonstrated in thick aluminum alloys where the mid-plane 
thickness often has substantially higher toughness than the 
surface (41). Such position dependent toughness may result 
from macro-segregation of alloying elements, guenching and 
aging gradients due to different cooling rates, and changes 
in deformation as a result of different reduction ratios.
The thicker the material the steeper the resulting toughness 
gradient. For such materials, the short rod specimen will 
result in substantially higher toughness values than the ASTM 
E399 test method. The ASTM E399 specimens generally require 
twice the thickness to achieve plane-strain conditions as the 
standard short rod specimen, and the resulting toughness will 
be an average toughness across a larger gradient for the E399 
specimen. In the chevron-notched shot rod specimen, only one 
third of the diameter is tested, one sixth of ASTM E399's 
thickness requirement. This results in a smaller volume and 
toughness gradient across the diameter of the specimen being 
tested. In summary, the toughness can vary significantly 
with position in the bulk material, and since the chevron- 
notched specimens measures a more localized region the
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toughness can vary significantly - this can account for a 
large portion of the divergence between Kjv and Kjc (43).

In the following section, R-curves are used to illustrate 
affects of crack extension on toughness. Toughness can vary 
with the amount of an old crack extension. This is important 
because the toughness measurement of the two test methods 
being discussed occurs at different crack extensions. A
short section review of R-curves is first presented.

R-curves are plots of crack extension resistance (KR) as 
a function of stable crack extension (Kq ), as schematically 
illustrated in Figure 4.17 (44). The three important points
on an R-curve, when a load resulting in a stress intensity is 
applied, are: 1) KQ is the point of crack initiation, 2) Kc
is the critical stress intensity at the point of instability
and is independent of specimen thickness, and 3) is the
plateau on the KR curve. Both Kc and are strongly
affected by specimen thickness. Between points KQ and Kc, 
stable crack growth will occur. Whereas, beyond Kc cracks 
will propagate in an unstable manner resulting in 
catastrophic failure. Figure 4.18 demonstrates the effects 
of specimen thickness on R-curves. In some materials R- 
curves are also affected by test temperature and strain rate.

In conventional constant thickness toughness specimens 
(i.e. ASTM E399), the stress intensity is proportional to the 
square root of the crack-front width and the stress intensity 
coefficient monotonically increases with increased crack 
length. For the short rod specimen, the opposite is true,
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Kq (crack driving curve)

‘plat

Kr (crack resistance curve)cc

o

CRACK LENGTH, a

Figure 4.17 A schematic R-curve showing the various 
features: Ko is the point of initial crack extension, Kc is 
the critical stress intensity, and Kpiat is the plateau of 
the curve (44) .

cc

Plane-strain

CRACK LENGTH, a

Figure 4.18 An schematic of an R-curve as a function of 
specimen thickness, B (44). At maximum constraint the 
R-curve is flat (i.e. plane-strain).
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i.e. the stress intensity is inversely proportional to the 
crack front width because the width is initially zero and 
increases with growth (typical of wedge shaped specimens 
tested in displacement control (44)) . This chevron-notched 
geometry of the short rod specimen results in a decreasing 
stress intensity with crack extension (Section 1.3).crack 
front and narrow width of the chevron slots. The behavior of 
the stress intensity coefficient function was previously 
presented in Figure 1.9 and the different behaviors are 
superimposed on a typical R-curves in Figure 4.19.

One reason for the divergence in toughness measured by 
the two testing (Kjv and Kjc) techniques can be explained by 
the instability occurring at different locations along the R- 
curves. Two opposing viewpoints in the literature on the 
affect of the R-curve on the toughness results from the 
different methods. Both agree that the higher toughness of 
the short rod specimen results from rising crack growth 
resistance curves effects, i.e. R-curves (17,45).

The first view point is best described by Newman (11) 
using a hypothetical R-curve for a short rod specimen in 
Figure 4.19a;

"As the load is increased, the crack grows stably into 
the material (point A, to B, to C, to D) until the load 
reaches Pmax• At this load and crack length, crack growth 
becomes unstable (point D). As can be seen, the instability 
point (tangent point between crack-drive curve and KR) does 
not correspond to the minimum K-value (solid symbol). 
Consequently, the maximum load and minimum K-value cannot be 
used to compute the stress-intensity factor at failure, 
although the difference might be small. But if the specimen
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Minimum R-curve

CRACK LENGTH, a

(a) Short rod specimen

R-curve

CRACK LENGTH, a

(b) Conventional specimen

Figure 4.19 A schematic showing rising R-curve behavior of 
(a) a short rod specimen (11), and (b) a conventional 
specimen with straight through crack front. The crack 
propagates stably with increasing load (point A, B, & C), 
until the critical load is reached and corresponding stress 
intensity (point D).
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width is smaller than that used" in Figure 4.19a, "then the 
instability point would occur at a lower point on the Re
curve. Conversely, the instability point for larger width 
specimen would occur at a higher point on the KR-curve." .

In other words, Newman states that if the material has a 
R-curve which increases with crack growth, the measurement of 
the toughness depends on the size of the short rod specimen 
and the point of instability on the R-curve(11).

Barker has an opposite viewpoint (42). He suggests that 
the short rod specimen is independent of R-curve effects 
(provided it meets size requirements), whereas the 
traditional test methods of ASTM E399 are not. In other 
words, the toughness values determined by the chevron-notched 
specimens would be equivalent to ASTM E399 if the E399 
specimens are sufficiently large. For compact tension 
specimens per ASTM E3 99, the loads used in determining Kjc 
are found with the 5% secant on the load versus displacement 
curve. The 5% secant corresponds to crack extensions, Aa, of 
2% or less of the crack length. If the fatigue precrack 
meets the ASTM requirement, then the 2% crack extension is 
approximately equal to the Irwin plastic zone radius for 
plane-strain, 1/6k (Kjc/GyS)^ . Due to the small crack 
extension (close to one plastic zone radius), the toughness 
is measured somewhere on the rising portion of the R-curve. 
Furthermore, using the 2% crack extension argument by Newman, 
the test location on the R-curve will vary with the compact 
tension specimen size (with larger specimens giving toughness
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values higher on the R-curve) as shown in Figure 4.20. 
Conversely, in the short rod specimen there is significant 
crack extension before the minimum value of the stress 
intensity is reached (about one third down the chevron 
notch). According to Barker (42), the extension is more than 
seven times the Irwin plastic zone radius of 1/6 k  (Kjc/CTyS) .

Due to this large crack extension the short rod method will 
always measure the toughness on the plateau of the R-curve, 
and thus is independent of the R-curve as shown in Figure
4.21. Furthermore, the tangent and minimum 'k-value' 
(referred to above by Newman) would be the same. For this 
reason, higher critical stress intensity (Kc ) values are 
expected in the short rod specimen when compared to the 
compact tension specimen. In other words, as previously 
shown in Figure 4.18 for the plane-strain condition, the Kjv 
(Kjv j) values are equivalent to K j c in linear-elastic or 
brittle materials where the crack growth resistance (R) 
curves are flat and both testing techniques are measuring the 
toughness on the plateau of the R-curve. Additionally, the 
two techniques will give the same results if large enough 
compact tension specimens are used so the crack extension is 
large enough to test the toughness at the top of the R-curve. 
This is recognized in ASTM E645 (45) for testing high 
toughness aluminum alloys, where the recommended minimum size 
requirement is increased to 5.0(Kjc/GyS) rather than the 
2.5(Kjc/GyS)  ̂ requirement of E399.

In conclusion, the difference between the plane-strain
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K,R

(
Toughness measured with 

/  very large specimen

^  R-curve

\  / | Toughness measured with
| minimum size specimen

K  Aa = 2% of a*, for a specimen twice a
large as the minimum valid size

I Aa = 2% of a„ for a minimum valid
| size compact tension specimen

1

CRACK LENGTH

Figure 4.20 A schematic showing effects of specimen size 
on plane-strain fracture toughness using conventional 
straight through crack fronts.(42).

Minimum

R-curve

CRACK LENGTH, a

Figure 4.21 A schematic showing R-curve behavior of a short 
rod specimen with plane-strain behavior (11). The crack 
propagates stably with increasing load (point A, B, & C), 
until the critical load is reached and corresponding stress 
intensity to point D.
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values obtained from the short rod/short bar and ASTM E399 
test methods, are dependent on; 1) the position of the 
toughness and thus the volume of material tested, and 2) the 
shape and location of the measurement on the R-curves. For 
these reasons, the short rod test is not a direct measure of 
Kjc, but can be correlated to Kjc . The correlations between 
Kjv and Kjc should be based on sufficient test results, 
experience, and sound judgment. They are only applicable to a 
specific class of materials for which they are developed.
Once these correlations have been established, they can be 
used to determine acceptable toughness specifications or the 
application to real structures (43). It is important to 
recognize the differences between the short rod and 
established ASTM E399 test methods, when comparison of the 
data is required.
4.5.2 Comparison of Plane-Strain Test Methods on Steel 

Generally, low to medium carbon microalloyed steels 
exhibit relatively flat R-curves and expected values of Kjc 
and Kjv are very similar. This is shown in Figure 4.22, 
where the short rod toughness values are plotted as a 
function of ASTM E399 test data on the same materials. The 
curve should deviate to the left for values of Kjv compared 
to the Kjqsr values plotted. The deviation of KjcSR from Kiv 
was "...about 8% below several experimental compliance 
calibrations and two recent three-dimensional elasticity 
solutions . In more recent applications of the Kjc-matching 
procedure, the minimum values for three-point specimen



T-3993 167

200

180

160

140

£ 120
ccQ_
1, 100
o
o  80

60

40

20

0
0 20 40 60 80 100 120 140 160 180 200

KICSR, KQSR (MPaVm)

Figure 4.22 Comparison of plane-strain fracture toughness 
testing results between conventional testing using ASTM 
E399 and the short rod test technique.
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differed by about 20%. Thus, the Kjc~matching procedure 
should be used with caution"6 .
4.6 Validity of Short Rod Test Results of this Study

The short rod fracture toughness values in this thesis 
were reported as apparent fracture toughness values, kqV' 
instead of true plane-strain values. In this section the 
details of the testing procedure and validity requirements 
are discussed in order to provide a basis for interpretation 
of the short rod fracture toughness results.

There are two primary reasons why true plane-strain 
fracture toughness values were not obtained. First, many 
load displacement curves exhibit either smooth crack growth

6 A second formulation of the plane-strain fracture toughness 
for the short rod/bar specimen is KjqsR' used in early work 
by Barker (9,10), which is calculated as follows:

KIcSR = -Vin pc /b3/2 [4.1]

where is the minimum value of the calibration factor
based on the specimen configuration. Equations [2.3] through 
[2.5] and [4.1] are equivalent, except they are formulated 
differently. Y*m is a normalized stress intensity factor 
based on the crack front geometry and is independent of the 
material, whereas, Am^n is a calibration constant determined 
to match ASTM E399's plane-strain toughness value of Kjc
(15,16) . Y*m and A are related by: Y*m = Amyn (W/B) -1/2, where 
’A ’ is generally considered to have a value of 24.4 (18).
The KjC2R value represents a lower limiting value of fracture 
toughness and hence correlates with Kjc determined by ASTM 
E399 (1).



T-3993 169

associated with excessive plasticity or unstable crack growth 
after the initial crack formation. Secondly, several samples 
were out-of-tolerance with respect to the machine notch 
depth, aQ .

In a short rod specimen with 'classic' crack jump 
behavior the crack jumps as the load is increased, and as the 
crack propagates a short distance the stored elastic energy 
of the system is exhausted and the crack arrests (i.e. 
displacement control). This crack growth/arrest behavior can 
occur several times during a test as shown in Figure 3.4a.
At each point of instability, the stress intensity reaches a 
critical value, which is equivalent to the plane-strain 
fracture toughness (Kjvj). If the crack does not arrest 
after each pop-in, within the critical slope ratio range 
(0.8rc < r < 1.2rc), then the results are invalid. If the 
stress intensity, required to initiate the crack at the 
chevron notch tip, is higher than the fracture toughness of 
the material, the crack never reached a "steady state" and 
propagates through the material in an uncontrolled manner. 
This type of behavior is governed by the crack initiation 
characteristic of the material (i.e. the crack jump behavior 
in the 1045V and 4140 steels). Test fixtures and/or machine 
with a low stiffness can aggravate this behavior, by 
accumulating considerable elastic energy and suddenly 
releasing it, which causes the crack to propagate through the 
specimen without arresting.

Second, the chevron-notch tip depth (a0) dimension was
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not machined deep enough in most 25.4 mm specimens. As a 
result the entire stress intensity coefficient (toughness) 
curve is too low (see Figure 1.10) . This affects the stress 
intensity coefficients (Y* & Y*m) used to calculate Kjv 
(Kivj) and results in toughness values that are too high. The 
Y* and Y*m values from ASTM E1304 are larger than the actual 
Y* value for the out-of-tolerance case.

The out-of-tolerance specimens (with respect to aQ), 
which displayed smooth crack growth behavior were corrected 
for this condition, using equation [1.24] . Generally, the 
measured Kjv (Kjvj) values did not exceed the corrected 
values by more than 2%. For very small values of aQ (shallow 
notches), the error introduced into stress intensity 
coefficient approached 4% in a few cases. Comparison of a 
few specimens with valid aQ dimensions with out-of-tolerance 
specimens indicated that the error introduced by marginal aQ 
values were within experimental scatter of the data.
Finally, equation [1.24] resulted in a Y*m value equal to 
29.11 for the standard ASTM E1304 short rod specimen 
configuration of W/B = 1.45 and aQ = 0.332. This number 
compares very favorably with the ASTM E1304's Y*m value of
29.21. The resulting error was 0.35%, therefore equation 
[1.24] corresponds very well with equation [2.6] used in ASTM 
E1304 . In conclusion, the toughness comparison between the 
different steels was not adversely affected, since all 
specimens were generally machined in the same dimensional 
range. The largest affect of these out-of-tolerance
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specimens was to increase the scatter of the data.
Therefore, the actual short rod results are plotted in 
Figures 3.1, 3.6, and 3.12.

5.0 CONCLUSIONS AND RECOMMENDATIONS

The conclusion and recommendation section is divided into two 
subsections. One deals with the fracture test methods; 
primarily with short rod specimen of this study, and with the 
fatigue precracked instrumented Charpy and the crack tip 
opening displacement (CTOD) specimens of previous work (3). 
The second compares the fracture toughness properties of 
several microstructural types of microalloyed steels and a 
quenched and tempered steel. The microalloyed steels 
included two microstructures of a precipitation hardened 
ferrite-pearlite 1045V steel: one with a low volume fraction 
of pearlite referred to as a 'fine' and a high volume 
fraction or 'coarse' microstructure. Also, two continuously 
cooled 'nontraditional' bainitic microalloyed steels were 
examined. In these nontraditional bainitic steels (0.24%C- 
Mn-Mo-V and 0.35%C-Mn-Mo-V), retained austenite replaced 
carbides in traditional bainitic microstructures. The 
microalloyed steels were compared to a quench and tempered 
martensitic 4140 steel heat treated to equivalent hardness, 
representing traditional high strength/high toughness steels.

 Test Methods
1) The short rod test gave detailed information on the
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fracture behavior:
A) A transition in fracture behavior with temperature was 

observed and found to correspond to a change in fracture 
mode from a mixed mode fracture which was primarily 
brittle cleavage to ductile rupture,

B) Crack jump behavior correlated to mixed mode fracture in 
the lower plateau,

C) Smooth crack growth behavior correlated to ductile 
rupture (microvoid coalescence) in the upper plateau.

2) Slight differences in toughness were observed between the 
different test methods (short rod, instrumented Charpy, and 
CTOD). The differences are a function of specimen and 
crack tip constraint:
A) All test methods gave good agreement at testing 

temperatures corresponding to the lower shelf where 
plane strain conditions prevail,

B) The CTOD test method gave conservative toughness results 
in the transition from brittle to ductile behavior and 
in the upper shelf, since the compliance function (Y) 
assumes the initial crack length in the calculation of 
the toughness when there is stable crack growth prior to 
failure (i.e. 8U and 8m with significant stable crack 
propagation behavior),

C) Precracked instrumented Charpy specimen generally did 
not exhibit significant strain rate behavior due to 
constraint resulting from fatigue precracking.

3) The short rod test method is applicable to the
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nontraditional bainitic steels in all regions of the 
toughness versus temperature curve. The size requirements 
need to be modified to account for transformation induced 
plasticity or TRIP behavior; use of the 0.2% yield strength 
results in a conservative specimen size requirement, i.e. B 
= 1.25(KIv/GyS). This size requirement needs to be 
modified to use a more representative value of the actual 
flow stress other than the 0.2% yield strength.

4) The short rod test method is applicable to traditional 
1045V and 4140 steels, although it may be difficult to 
obtain valid toughness data (Kjvj) when crack jump behavior 
in the lower plateau is displayed. Good estimates can 
generally be determined in this region, i.e. Kqv .
 Test Mate.rJ.ala

5) In comparison to pearlitic and quenched and tempered 
steels, the nontraditional bainitic steels have good short 
rod fracture toughness when tested at static strain rates 
in the R-L orientation:
A) The toughness of the two nontraditional bainitic steels 

was higher than the steels with pearlitic 
microstructures,

B) Both nontraditional bainitic steel generally had higher 
toughness than the quenched and tempered 4140 steel at 
static strain rates, when tested in the R—L orientation, 
above 0° C (32°F) and 30°C (86°F) for the 0.35%C-Mn-Mo-V 
and 0.24%C-Mn-Mo-V steels, respectively,

C) The 0.35%C-Mn-Mo-V steel had a higher toughness than the
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0.24%C-Mn-Mo-V steel at all test temperatures, which is 
believed to be due to the higher volume fraction of 
retained austenite found in the 0.35%C-Mn-Mo-V steel.

6) The short rod fracture toughness of the pearlitic 1045V 
steel is a function of the volume fraction of pearlite in 
the microstructure:
A) The fine or low volume fraction pearlite microstructure 

has a lower brittle to ductile transition region than 
the coarse or high volume fraction pearlite 
microstructure (the fine pearlite microstructure was 
formed at a lower finish temperature than the coarse 
microstructure),

B) The upper and lower plateau toughness levels were 
independent of microstructure for the two pearlitic 
steels,

C) The transition region for the coarse microstructure 
shifted to a higher temperature range when tested at 
dynamic loading rates of the precracked instrumented 
Charpy specimen.

7) In comparison to the microalloyed steels, the quenched and 
tempered 4140 steel displayed higher short rod toughness 
results below 0°C (32°F) and a lower transition region:
A) The short rod fracture toughness decreased with an

increase in temperature, from a maximum toughness near 
the transition temperature. This behavior occurred in 
the upper plateau, where the fracture behavior was 
controlled by microvoid coalescence. The decrease in
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toughness was associated with an increase in the dimple 
void size with an increase in temperature. Another 
explanation for the decreased toughness trend may be 
that the fracture mechanism is controlled by ductile 
tearing where the the flow stress and strain hardening 
behavior decrease with a decrease in temperature.

B) The 4140 steel displayed significant anisotropic 
behavior where the L—R orientation had considerably 
higher toughness than the R—L orientation. This 
behavior is believed to be due to the unfavorable 
orientation of the inclusions in the R—L test 
orientation (as opposed to a favorable orientation in 
the L—R orientation).

8) In the anticipated temperature range of application (e.g. 
—25 to 50°C) the new nontraditional bainitic steels exhibit 
good toughness, which results from the presence of retained 
austenite in place of cementite. In this temperature range 
the fracture occurs in the transition region, where the 
failure occurs by a combination of cleavage and ductile 
fracture.
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APPENDIX A: 25.4 mm SHORT ROD FRACTURE TOUGHNESS DATA



T-3993 183

00EhJD
COwCC
CO
COw
Z3hoDOEh
HOChDEhU
[1-1

QO0̂
Eh

0̂OK
CO

g6

h-1HW
Eh
CO

>LO
o

WcocC
<Oo

L O
c m

<
Xi—iQ
ZW0-iPL
<

VA
LI

DI
TY

 
RE

QU
IR

EM
EN

TS
 

NOT
 

ME
T

VA
LI
DI
TY
 

1

00
n on cn on CO

00
on on on

T—#

00
on
i—i

on
i— t

I 
VA

LI
DI
TY
 

|

m
on
t-H

CO
on
rH

CD
CO
i—1

m
i—(

m
on
i—i

SH
OR
T 

RO
D 

TO
UG

HN
ES

S 
(k

si
Vi
n)

KI
vM I I 1 1 I 1 1 I

I 
KI
vM
 

|

i

I 
10
1.
4 

|
I 

96
.0
 

|

I I

KQ
v

::::: 62
.7 l l

1 
59
.9
 

1

co
r~~r~- l 1

I 
80
.7
 

|
1 

79
.2
 

I

1 
KQv

 
|

I 
10
1.
7 

|

i i
CN
00
(7\

I 
95
.9
 

1

KI
vi c0 I 

■>
!v! c OZ 

. H
68

.4 i 1

I 
73
.5
 

|

cor~- i i

1 
KIv

 
|

i i i 1 i

ST
RE

SS
IN

TE
NS

IT
Y

(k
si
Vi
n) CM C

r* o' u
o r-
") CN-> co

r-t T
CJN U LO V.r> oo o co

1 
59
.9
 

1
I 

77
.6
 

|
1 

73
.5
 

I
1 

76
.4
 

I
1 

80
.7
 

I
1 

79
.2
 

1

I 
10
1.
7 

|

i i

1 
98
.2
 

1
95

.9

ST
RE

SS
IN

TE
NS

IT
Y

CO
EF

FI
CE

NT

c
*

29
.2

9
O 
Q 

O'
?- IT) ■0 00

00 •j on

r-CO c 
<J\ c
CM C Z 

3 29
.6

6
1 

35
.5
3 

1
1 

29
.7
9 

I
1 

29
.2
0 

I
1 

29
.6
9 

I
I 

29
.7
7 

|
1 

29
.3
6 

1

£-K
I 

29
.2
1 

|
1 

29
.2
1 

I
1  

29
.2
1 

I
1 

29
.2
1 

I
29

.2
1

LO
AD

S
(k
ip
s)

Pm

oo ai—H r-
CM O

o "sr 
h <n
vl i—1

0 L'Z

3 00 r-«
M CM

1 
2.
03
 

I

t— 1
CO

I 
3.
03
 

|
1 

3.
10
 

|
1 

3.
26
 

|
1 

3.
25
 

I

1 
Pm 

|

oCO

1 
4.
18
 

|
I 

3.
96
 

|
1 

4.
23
 

I
4 . 

04

Pn 1.
94

O 
IQ

£. 
• 

X 
U

1. 
94 CM Cr

CM c

D  00 
*■*
M CM

1 
2.
03
 

I

»-H
00

I 
3.
03
 

|
1 

3.
10
 

|
1 

3.
26
 

|
1 

3.
25
 

I

1 
Pc 

|
1 

4.
19

|

i I

1 
4.
05
 

I
1 

3.
95

TE
NS

IL
E

PR
OP

ER
TI

ES
I C
RA
CK
 

JU
MP
 

BE
HA

VI
OR

UT
S

13
1 LZI 12
7

12
7

1 
127

 
1

lOCMr-H

1 
123

 
|

1 
122

 
I

1 
122

 
|

x—iCMr-H

1 S
MO
OT
H 

CR
AC
K 

GR
OW
TH
 

BE
HA

VI
OR

1 
UTS

 
1

1 
121

 
|

1 
121

 
I

1 
120

 
|

1 
119

 
1

117
 

I

YS 95 91 91 91
1 

91 
1

00
00

1 
87 

I
1 

85 
|

1 
85 

I

00

1 
YS 

1
1 

84 
|

00

1 
83 

|

T—i
00

08

TE
ST

TE
MP

ER
AT

UR
E txio

on-:-
r—i 

1 •:

61 75 75
1 

75 
1

1 
124

 
|

1 
151

 
I

1 
176

 
|

1 
185

 
I

<T>
t-H

1 
°F 

|
1 

203
 

|
1 

212
 

|
1 

230
 

|
1 

257
 

1

VO00
CM

Oo
lo>:
CN.’. i ••• 16 *3,y.

cn 24 CN i—tm

1 
66 

|
1 

80 
I

1 
85 

|

O
<y\

Oo

1 
95 

I
1 

100
 

I
1 

no
 

1
1 

125
 

I
14
1

VA
LI
DI
TY
 

NO
TE
S 

ON 
PA
GE
 

19
3



T-3993 184

JwwfH
CO

>
LO

o

Q coO co __OS w C2 -HEh as>PS CD -HO 2 CO
OS O M
CO Eh

JHH CO Mw M _W 2: ̂os 3 ■
H  EhM 2 •*

>H ̂
W M «s | -
H | £ co 5 w5 0M o

cu

>-l Eh m & W W

WOS
s iw wEh (HSWEh O

HM PO 00aM ..
l-l
<>

>
1—t

> ■̂r
0 un cnIsl, <?1 cn

>M l 1«

■*r
2 IT) cncn cn

t*H i—1E CM CM-K •
>H CTl cn

CM CM

1—1 CME O CM
cu *3’ *3*

CM 00
O cn 0
CU on

CO cn t—1
Eh CM CMD »— 1 1—t

CO r- ■*T>H 00 00

t-H CM&li LO 1—1
1—t CM

O0 X)XI

1 
10

0



AP
PE
ND
IX
 
A 

25
.4
 
mm 

SH
OR
T 

ROD
 

FR
AC
TU
RE
 

TO
UG
HN
ES
S 

RE
SU

LT
S

T-3993 185

t—]wHE-*
CO
>I0 £1c£io
o\o

CM
O

VA
LI

DI
TY

 
RE

QU
IR

EM
EN

TS
 

NOT
 

ME
T

VA
LI

DI
TY

co co ■X o co oo co - co co i—i
; oo • co co ; . .. co. r—4 r—4 *■ ■ H

I 
VA
LI
DI

TY
 

|

iT)
cn

H

LO
cn

m
CO

lT)
cn

rH
SH
OR
T 

RO
D 

TO
UG

HN
ES

S 
(k
si
Vi
n)

KI
vM l l i :::: i :::::: i :::: i ::::::: i i

I 
KI
vM
 

|

1 i i i

a.-.-. I l i ::::
co co's.
oo i rr co ■:'xr'x

: co co co 
■ lo lo o; 00 00 CTi

1 
KQv

 
|

1 
90.

0 
1

1 
92.

5 
1

I 
94.

4 
|

84 
.5

KI
vi vo e'

en LOr- in
;X c
•X c X* u

0 r—4
n CO o vo 66

.3 : i :::::: i i

1 
KIv

 
|

i i i i

ST
RE

SS
IN

TE
NS

IT
Y

(k
si
Vi
n)

K 50
.6

48
.6

55
.7 cn r

V—t VLO u
H  W

o co r— o vo r- 58.
 9

66
.3
 

76
.6
 

73
.0

89
.4

81
.1
 

83
.1
 

78
.5
 

90
.3 o

o
CTl

1 
92.

5 
|

I 
94.

4 
|

84 
.5

ST
RE

SS
IN

TE
NS

IT
Y

CO
EF

FI
CE

NT

Y*
n

29
.5
0

29
.8
9

29
.4
4 oLi

a\ c 
CN c z. y

 . 
oo

29
.3
7

33
.0
2

33
.0
0

29
.2
6

29
.4
9

29
.3
3

29
.4
2

29
.2
4

29
.3
7

29
.4
9

30
.8
0 £-K>-•

1 
29
.2
1 

I
1 

29
.2
1 

I
I 

29
.2
1 

|
I 

29
.2
1

LO
AD

S
(k
ip
s)

Pm 2.
22

2 .
22
 

2.
39 o  clD u

CN C

(N 00 
T CTl 00

si CN CM 2 . 
83
 

2 . 
95

3.
17

3.
17
 

3. 
65

3. 
65 

3.
44
 

3. 
44 

3.
52 Pm 

|
1 

3.7
3 

I
1 

3.8
2 

I
00
00

cn
| 

3.4
8 

|

Pn 2.
07

1. 
96
 

2.
27 o  cIT) 0

CN C £ . 
JU

2.
58

2.
82

2.
14
 

2.
73
 

3.
12
 

2.
99
 

3. 
65

3.
33

3.
40

3.
20

3.
52

1 
Pc 

|
1 

3.7
0 

I
1 

3.8
0 

I

COCO
cn 3.4

7 
|

TE
NS

IL
E

PR
OP

ER
TI

ES
I C
RA
CK
 

JU
MP
 

BE
HA

VI
OR

UT
S

15
6

15
3

15
1

14
5

14
0

14
0

14
0

13
5

13
2

13
1

I S
MO
OT
H 

CR
AC
K 

GR
OW
TH
 

BE
HA

VI
OR

I 
UTS

 
|

oCOrH

1 
128
 

I
1 

127
 

|
12
4

YS 62 65 67 73 79 79 79 82 83 83

1 
YS 

|

cn00

1 
84 

I
1 

84 
|

LT)
00

TE
ST

TE
MP

ER
AT

UR
E 00 

IT) ° 1 -3
5

-1
3 32 75 75 75 12
2 cn a>

' i—4 t—4 CnO

1 
167
 

|
1 

178
 

|
1 

194
 

|
212
 

|

°C -5
0

-3
7

-2
5 0 24 24 24 50 m  o 

co r - Oo LOr-

1 
81 

| 1 
06 

j

10
0

VA
LI

DI
TY

 
NO

TE
S 

ON 
PA
GE
 

19
3



AP
PE
ND
IX
 
A 

25
.4
 
mm 

SH
OR
T 

ROD
 

FR
AC
TU
RE
 

TO
UG
HN
ES
S 

RE
SU

LT
S

T-3993 186

w
wEh
CO

>
I
0  
S
1
GsIo
o\°
LO
CO

Q cnO cn __
PS w Cs •rH
Eh PS ^
PS oO D CO2 Ocn Eh

cnEh
§ Ehs M w s
PS 
M  Eh
o o o 2
W  PS

>h
cn M c
cn cn 'H
u  ^  ^DS |x] HH h tow 2 *

n EHM Qjcn cp 2 cu w o
Eh oS Pj

W
PS

S |w w
Eh  Ph 2 

W  
Eh

2 00 LT) 
ID ID

O O 
CD ID
cn cn
CM CM

CD CM 
CM CM

: co
| i—I

| i

• ID
: cn 
: ̂

'• i

CM CM
r-~ r -  ld

CD LD
cn oo

CO CD 
CO 00

ID O  
cn cn

00 CD
cn cn

cd cn
D ’ CM

cn cn 
CM CM

cn cn
CM CM

cn <n 
CM CM

cn cn o
CM CM CD

oo oo oo
CM CM CM

CD CO 
oo oo

ID ID 
00 00

ID 
CD CD

CD 00 
ID CD

CM CM
cd cn

CM ID CD 
CM O  00

ID • in;
rH  ■

■"ST ■lo :

t— I • 
i— I 'i :

•D1 1cm : 
i ■

VA
LI

DI
TY

 
NO

TE
S 

ON 
PA
GE
 

19
3



T-3993 187

C
xi—i
a53wCUCM

HwEh
CO
O'd1

a COo CO ,__,cd Cd c2 •rHEh ECcd Oo CD COcc o MCO Eh

CO _rj 2Cd 'H  H «S *M

CO Q C9 *
a

M Eh m o; £2 W

CdPi
s I
Cd cd Eh CUs

Cd
Eh

id



T-3993 188

APPENDIX A: 12.7 mm SHORT ROD FRACTURE TOUGHNESS DATA
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VALIDITY REQUIREMENTS:
GENERAL
1) B < 1.25 (KQv/Oys) ̂ 2 .
2) Crack deviation > 0.04B.
3) Specimen not within tolerances.
SMOOTH CRACK GROWTH
4) 1.IPe < Pm.
5) p < -0.5 or p > 0.1.
6) Minimum of two unloadings not performed. 
CRACK JUMP
8) rn < 0.8rc or rn > 1.2rc.

NOTES:
(1) KIv = Y*m Pc/ (BVw)
(2) KIv j = Y*n Pn/(Ba/w )
(3) KIvM = Y*m Pm/(Ba/w )


