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UNIT CONVERSION TABLE
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SUMMARY

Monotonic tensile properties and fatigue behavior data were obtained for the
1538MV as-hot rolled and forged steels of iterations 131 and 133, respectively. The
materials were provided by the American Iron and Steel Institute (AISI). For iterations
131 and 13-3, two tensile tests were performed to acquire the desired monotonic
properties and eightéen strain-controlled fatigue tests were perférmed to obtain the
fatigue life and cyclic defcn.'mation curves and properties. For iterations 132 and 134,
periodic overload fatigue behavior and data were obtained from ten periodic overload
fatigue tests for the 1538MV as-hot rolled and forged steels, respectively. The

experimental procedure followed and results obtained are presented and discussed in this

report.




I. EXPERIMENTAL PROGRAM

1.1 Material and Specimen Fabrication

1.1.1 Material

The SAE 1538MYV as-hot rolled steel bar was provided by Gerdau MacSteel, Inc..
Microstructure of this material is shown in Figure 1. The 1538MV forged steel was
provided in the form of crankshafts by General Motors. Microstructure of this material is

shown in Figure 2.

1.1.2 Specimen

In this study, identical round specimens were used for monotonic and fatigue
tests. The specimen configuration and dimensions are shown in Figure 3. This
configuration deviates slightly from the specimen geometry recommended by ASTM
Standard E606 [1]. The recommended specimens have uniform gage sections. The
specimen geometry shown in Figure 3 differs by using a large secondary radius in the
gage section to compensate for the slight stiess concentration at the gage to grip section
transition.

The SAE 1538MYV Forged Steel was delivered to the University of Toledo in the
form of round specimen blanks. The specimen blanks were machined from three sections
(labeled B, C, and D) of seven General Motors crankshafts by Westmoreland Mechanical
Testing and Research, Inc... Each section provided two specimen blanks as shown in
Figure 4. The SAE 1538MV As-hot Rolled Steel was delivered to the University of

Toledo in the form of square cross section specimen blanks.




Specimen machining was performed in the Mechanical, Industrial, and

Manufacturiﬁg Engincering Machine Shop at the University of Toledo. The specimens‘
were turned on a CNC lathe to achieve the tolerable dimensions speciﬁed on the
specimen drawings.

The specimens were then polished priox fo testing at the Univetsity of Toledo. A
commercial round-specimen polishing machine was used to polish the specimen gage

section. Three different grits of aluminum oxide lapping film 30 pm, 12 tm, and 3 pm

were used. Polishing marks coincided with the longitudinal direction of the specimen..

The polished surfaces were carefully examined under magnification to ensure complete

removal of machine marks within the test section.
1.2 Testing Equipment

1.2.1 Apparatus

An MTS closed-loop servo-controlled hydréulic axial load frame in conjunction
with an INSTRON 8800 F ast-Track digital servo-controller was used to conduct thel tests.
The load cell used had a capacity of 100 kN. Hydraulically operated grips using wedge
inserts with a circular cavity were employed to secure the specimens' ends in series with
the load cell.

Total strain was controlled using an extensometer rated as ASTM class B2 {2].
The calibration of the extensometer was verified using displacement apparatus containing
a micrometer barrel in divisions of 0.0001 in. The extensometer had a gage length of 0.30
in. and was capable of measuring strains up to 15 %.

In order to protect the specimens' surface from the knife-edges of the

extensometer, ASTM Standard E606 recommends the use of transparent tape or epoxy to




'cushion’ the attachment. For this study, it was found that application of transpafent tape
allowed for more consistency of the material thickness between the knife edge and the
specimen. Therefore, transparent tape was considered to be the best protection. The tests

were performed using three layers of transparent tape.

1.2.2 Alignment

Significant effort was put forth to align the load train (load cell, grips, specimen,
and actuator). Misalignment can result from both. tilt and offset between the ceniral lines
of the load train components. In order to align the machine, a round strain-gage bar was
used. The Strain-gage bar has two arrays of four strain gages per array with one array
arranged at the upper and lower ends of the uniform gage section. This was done in

accordance with ASTM Standard E1012 [3].

1.3 Test Methods and Procedures

1.3.1 Monotonic¢ tension tests

Monotonic tests in this study were performed using test methods specified by
ASTM Standard E8 [4]. Two specimens wete used to obtain the monotonic properties of
iterations 131/132 and 133/134. |

In order to protect the extensometer, strain control was used only up to 10%
strain, until the point of ultimate tensile strength had been crossed. After this point,
displacement control was used until fracture. INSTRON Bluehill software was used for
the monotonic tests. For the elastic and initial yield region (0% to 1% strain) a strain rate
of 0.0025 mm/mm/min was chosen. This strain rate was about one half of the maximum

allowable rate specified by ASTM Standard E8 for the initial yield region. After the
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strain reached 1% a strain rate of 0.005 mm/mm/min was used up until the extensometer
was removed. This strain rate was ten percent of the maximum allowable rate specified
by ASTM Standard ES for the region after yielding. After the extensometer was removed,
a displacement rate of 0.2 mm/min was used.

After the tension tests were concluded, the broken specimens were carefully
reassembled. The final gage lengths of the fractured specimens were measured with a
Vernier caliper having divisions of 0.001 in. Using an optical comparator with 10X
magnification and divisions of 0.001 in, the final diameter and neck radius were
measured. It should be noted that prior to the test, the initial diameter was measured with

this same instrument,

1.3.2 Constant amplitude fatigue tests

All constant amplitude fatigue tests in this study were performed according to
ASTM Standard E606. It is recommended by this standard that at least 10 specimens be
used to generate the fatigue properties. 18 specimens at 7 different strain amplitudes
ranging from 0.175% to 2.000% were utilized for iterations 131/132 and 133/134.
INSTRON SAX software was used in all strain-controlled tests. During each straim-
controlled test, the total strain was recorded using the extensometer output. Test data
were automatically recorded throughout each test.

There were two control modes used for these tests. Strain control was used in all
tests with plastic deformation. For one of the elastic tests from iteration 133/134, strain
control was used initially to determine the stabilized load, and then load control was used -
for the remainder of the test. For the rest of the elastic tests, load control was used

throughout. The reason for the change in control mode was due to the frequency




limitation on the extensometer. For the strain-controlled tests, the applied frequencies
ranged from 0.2 Hz to 1.4 Hz for iteration 131/132 and from 0.3 Hz to 2.0 Hz for
iteration 133/134, in order to keep a strain rate about 0.02 in/in/sec. For the load-
controlled tests, load waveforms with frequencies of up to 20 Hz for iteration 131 and 25
He for iteration 133/134 were used in order to shorten the overall test duration. All tests

were conducted using a triangular waveform.

1.3.3 Periodic overload fatigue tests

The overload tests were conducted to investigate the effects of periodic overloads
on the fatigue life of smaller subsequent cycles. For iteration 131/132, 10 specimens were
tested at 4 different strain amplitudes. For iteration 133/134, 10 specimens were tested at
5 different strain amplitudes. All of the overload tests were performed in load-control
after the initial pre-cycles. The periodic overload tests were performed with INSTRON
WAVERUNNER software. Test data were automatically recorded throughout each test.

The input signal consisted of a periodic fully reversed overload of the type shown
in Figure 22. The load history in these tests consisted of repeated blocks made uﬁ of one
fully-reversed overload cycle followed by a group of smaller constant amplitude cycles
having the same maximum stress as the overload cycle. The overload cycles were applied
at frequent intervals to maintain a larger effective strain range resulting in the subsequent
cycles being fully effective.

With this overload histdl'y, as the large cycles become more frequent, the fraction
of the total damage done by them increase and that done by the small cycles decrease.
The fully reversed strain amplitude for the oveﬂoad cycle was about 0.4% and

corresponded to about 10* cycles to failure. The number of small cycles per block, N,
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were adjusted so that they cause 80% to 90% of the damage per block. Small cycle strain
levels were selected at or below the run out level of the constant amplitude tests. Small
cycle strain amplitudes were used from 0.075% to 0.200% for iteration 131, and from
0.060% to 0.175% for iteration 133/134. The number of small cycles per overload cycle
ranged between 40 and 2000 for both iterations.

For the load~controlled tests, calculations were performed based on equation 6 in
order to arrive at the steady state stress amplitudes for the desired strain amplitudes. Due
to the transient response of the material, the calculated loads would result in a lower than
expected strain amplitude throughout the test. In order to reduce cyclic transient behavior,
1000 strain-control pre-cycles were applied at the periodic overload strain level of 0.4%.
After completion of these initial cycles the second portion of the test was started using

the previously mentioned periodic overload history.




II. EXPERIMENTAL RESULTS AND ANALYSIS

2.1 Microstructural Data

The chemistry of both materials is presented in Table 1. Figures 1 and 2 show
magnified views of the microstructure of the 1538MV as-hot rolled and forged steels,

respectively. The microstructural data for these steels was provided by Gerdau MacSteel.

2.2 Monotonic Deformation Behavior

The properties determined from monotonic tests were the following: modulus of
elasticity (E), yield strength (YS), ultimate tensile strength (Sy), percent elongation
(%EL), percent reduction in area (%RA), true fracture strength (oy), true fracture ductility
(¢5), strength coefficient (K), and strain hardening exponent (m).

True stress (o), true sirain (), and true plastic strain (gp) were calculated from
engineering stress (S) and engineering strain (e), according to the following relétionships

which are based on constant volume assumption:

o=8(+e) (1a)

g =1n(l+e) ' | (1b)
- . o '

£, ==&, =&~ (lc)

The true stress (o) - true strain (g) plot is often represented by the Ramberg-

Osgood equation:

. s ﬂ0_+(0;]7 )
£ = & g, = ) (2}




The strength coefficient, K, and strain hardening exponent, n, are the intercept and
slope of the best line fit to true stress (o) versus true plastic strain (gp) data in log-log

scale:

o =K (ap )” | 3)

In accordance with ASTM Standard E739 [5], when performing the least squares
fit, the true plastic strain (g,) was the independent variable and the true stress (o) was the
dependent variable. These plots for the two tests conducted for iterations 131 and 133 are
shown in Figures 5(a) and (b), respectively. To generate the K and n values, the range of
data used in this figure was chosen according to the definition of discontinuous yielding
specified in ASTM Standard E646 [6]. Therefore, the valid data range occurred beiween
the end of yield point extension and the strain at maximum load.

The true fracture strength was corrected for necking according to the Bridgman
correction factor [7]:

b

4

o= 5
1+ﬁ In|1+—L
D, 4R

where Pris load at fracture, R is the neck radius, and Dyis the diameter at fracture.

4

The true fracture ductility, & was calculated from the relationship based on

constant volume:

£, = ln[ j”j = In[l—ml—j{/—i—). (5)




where A; is the cross-sectional area at fracture, A, is the original cross-sectional area, and
RA is the reduction in area.

The monotonic stress-strain curves for iterations 131 and 133 are shown in
Figures 6(a) and (b), respectively. As can be seen from both figures, the two curves are
close to each other. In Figure 7, the monotonic stress-strain curves for iterations 131 and
133 are superimposed. As shown in this figure, the stress-strain curves of iteration 131
are above those of iteration 133, Refer to Table A-1 for a summary of the monotonic test

results from iterations 131 and 133, respectively.

2.3 Cyclic Deformation Behavior

2.3.1 Transient cyclic response

Transient cyclic response describes the process of cyclic-induced change in
deformation resistance of a material. Data obtained from constant amplitude strain-
controlled fatigue tests were used to determine this response. Plots of stress amplitude
variation versus applied number of cycles can indicate the degree of transient cyclic
softening/hardening. Also, these plots show when cyclic stabilization occurs. Composite
plots of the transient cyclic response studied are shown in Figures A-1 and A-2. The
{ransient response is normalized on the rectangular plot in Figures A-1(a) and (b) for
iterations 131 and 133, respectively, while a semi-log plot is shown in Figures A-2(a) and
(b) for iterations 131 and 133, respectively. Even though multiple tests were conducted at
each strain amplitude, data from one test at each strain amplitude tested is shown in these

plots.
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2.3.2 Steady-state cyclic deformation

Another cyclic behavior of interest was the steady state or stable response. Data
obtained from constant amplitude strain-controlled fatigue tests were also used to
determine this response. The properties determined from the steady-state hysteresis loops
were the following: cyclic modulus of elasticity (E"), cyclic strength coefficient (K'),
~ cyclic strain hardening exponent (n'), and cyclic yield strength (YS'). Half-life (midlife)
hysteresis loops and data were used to obtain the stable cyclic properties.

Similar to monotonic behavior, the cyclic true stress-strain behavior can be

characterized by the Ramberg-Osgood type equation:

1
Ae Acg Ae, Ao +(A0)n'

= + = -
2 2 2 2K 2K

(6)
It should be noted that in Equation 6 and the other equations that follow, E is the average
modulus of elasticity that was calculated from t.he monotonic tests.
The cyclic strength coefficient, K, and cyclic strain hardening exponent, n', are
the intercept and slope of the best line fit to true stress amplitude (Ac/2) versus true
plastic strain amplitude (Ag,/2) data in log-log scale:

Ao , A&-‘p "
T:K[ 2] - @

In accordance with ASTM Standard E739 [5], when performing the least squares
fit, the true plastic strain amplitude (Ae,/2) was the independent variable and the stress
amplitude (Ac/2) was the dependent variable. The true plastic strain amplitude was

calculated by the following equation:

11




Ae, Asg Ao
= - (8)
2 2E

This plot is shown in Figures 8(a) and (b) for iterations 131 and 133, respectively. To

generate the K' and ' values, the range of data used in these figures was chosen for

Ag Lo
{ P} > 0.0004 in/in.
calculated

The cyclic stress-strain curve reflects the resistance of a material to cyclic
deformation and can be vastly different from the monotonic stress-strain curve. The
cyclic stress-strain curves for iterations 131 and 133 are shown in Figures 9(a) and (b),
respectively. The cyclic stress-strain curves for both iterations are superimposed in Figure
10. In Figures 11 and 12, monotonic and cyclic curves are superimposed for iterations
131 and 133, respectively. As can be seen in these figures, both materials cyclically
harden. A composite plot of the steady-state (midlife) hysteresis loops is shown in
Figures A-3(a) and (b) for iterations 131 and 133, respectively. Fven though multiple
tests were conducted at each strain amplitude, the stable loops from only one test at each

strain amplitude are shown in these plots.

2.4 Constant Amplitude Fatigue Behavior
Constant amplitude strain-controlled fatigue tests were performed to determine
the strain-life curve. The following equation relates the true strain amplitude to the

fatigue life:

Ae As, A | ' ‘
B Lo, e o) ©)
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where of is the fatigue strength coefficient, b is the fatigue strength exponent, gf is the
fatigue ductility coefficient, ¢ is the fatigue ductility exponent, E is the monotonic
modulus of elasticity, and 2Ny is the number of reversals to failure.

The fatigue strength coefficient, of, and fatigue strength exponent, b, are the
intefcept and slope of the best line fit to true stress amplitude (Ac/2) versus reversals to
failure (2Ny) data in log-log scale:

£2—oon, | (10)

In accordance with ASTM Standard E739, when performing the least squares it
the stress amplitude (Ac/2) was the independent variable and the reversals to failure (2Ny)
was the dependent variable. This plot is shown in Figures 13(a) and (b) for iterations 131
and 133, respectively. Superimposed data from both iterations is shown in Figure 14. To
generate the of and b valueé, all data, with the exception of the run-out tests, in the stress-
life figure were used.

The fatigue ductility coefficient, e, and fatigue ductility exponent, c, are the
intercept and slope of the best line fit to calculated true plastic strain amplitude (Aey/2)
versus reversals to failure (2Ny) data in log-log scale:

A .
(”%J = gf(sz)C (11

calculated .
Tn accordance with ASTM Standard E739, when performing the least squares fit,
the calculated true plastic strain amplitude (Agy/2) was the independent variable and the
reversals to failure (2Ny) was the dependent variable. The calculated true plastic strain

amplitude was determined from Equation 8. This plot is shown in Figures 15(a} and (b)
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for iterations 131 and 133, respectively. Superimposed data from both iterations is shown

in Figure 16. To generate the gf and c values, the range of data used in these figures was

Ag _
chosen for { £ jl > 0.0004 in/in.
calculated

The true strain amplitude versus reversals to failure plot is shown in Figures 17(a)
and (b) for iterations 131 and 133, respectively. This plot displays the strain-life curve
(Eqn. .9), the elastic strain portion (Eqn. 10), the plastic strain portion (Eqn. 11), and
superimposed fatigue data. The strain-life curves for both iterations are superimposed in -
Figure 18. As can be seen from this figure, iteration 131 has inferior fatigue performance
at short life (i.e. less than 1E+4 reversals to failure) but superior fatigue performance at
long life (ie. greater than 1E+4 reversals to failure) compared to iteration 133. A
summary of the cyclic properties for both iterations is provided in Table 2. Tables A-2
and A-3 provide a summary of the fatigue test results for iterations 131 and 133,
respectively.

It was mentioned in Section 1.1.2 that the specimens of iteration 133 were
machined from {hree sections of a crankshaft. In Figure 19, strain-life fatigue data from
these sections are superimposed in the true strain amplitude versus reversals to failure
plot and fabeled B, C, and D. At each strain amplitude, specimens from different sections
of the crankshaft were tested. As can be seen from this figure, there is no difference in the
fatigue behavior between specimens of sections B, C, and D.

A parameter often used to characterize fatigue behavior at stress concentrations,

such as at the root of a notch, is Neuber parameter [7]. Neuber’s stress range is given by:

JANBNE =2 (5, @N )" +0,'5, EQN )" (12)

14




A plot of Neuber stress range versus reversals to failure is shown in Figures 20(a)
and (b) for iterations 131 and 133, respectively. The Neuber curve based on Eqn. 12 and
superimposed fatigue data for each material is displayed in these figures. In Figure 21,
the Neuber curves and fatigue data of both iterations are superimposed. The same trends

that were shown in Figure 18 can be seen in this figure.

2.5 Periodic Overload Fatigue Behavior

Periodic Overload fatigue tests were performed to determine the effective strain-
life curve. The effective strain-life curve is plotted using the strain amplitude of the small
cycles in the overload block and the calculated equivalent life. The equivalent fatigue life
for the smaller cycles was obtained using the linear damage rule:

Nop | Nse 4 | (13)
Ny N

J5Ceq)

where NoL is the‘ number of overload cycles in a periodic overload test, Nrop is the .

number of cycles to failure if only overloads were applied in a test, Nsc is the number of
smaller cycles in a periodic 0§c1‘load test, and Nesceq 1S the computed equivalent fatigue
life for the smaller cycles.

The linear damage rule was also used to calculate the cumulative damage of the
overload cycles, Do, as

Nog
N .06

=D, (14)

Figures 23(a) and (b) show the effective strain-life data superimposed on the constant

amplitude strain life plot for iterations 131 and 133, respectively. This data for both
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iterations is superimposed in Figure 24. Tables A-4 and A-5 present a summary of the
periodic overload test results for iterations 131 and 133, respectively.

It was mentioned in Section 1.1.2 that the specimens of iteration 133 were
machined from three sections of a crankshaft. In Figure 25, periodic overload fatigue data
from these sections are superimposed in the true strain amplitude versus reversals to
failure plot and labeled B, C, and D. At each strain amplitude, specimens from different
sections of the crankshaft were tested. As can be seen from this figure, there is no
difference in the periodic overload fatigue behavior between specimens of sections B, C,
and D.

A plot of the SWT parameter for both the constant amplitude and overload data
provides another method of comparison between the two sets of daté, where the mean

stress present in the small cycles is taken into account. The SWT parameter is given by

]' : ' J +C
T nax € =E[(Cff’)2(2Nf)” +o,'e, EQN )] (15)

where o, =0, +0o,. The SWT plot is shown in Figures 26(a) and (b) for iterations 131

inax

and 133, respeciively. This data for both materials is superimposed in Figure 27. As in
Figure 24, the overload data and effective strain-life curve diverged from the constant

amplitude curve.
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Table 2: Summary of the Mechanical Properties

3IM 74155 3M73212 4M73828  4M73833 4M73835 4M 73836
Microstructural Data Average
ASTM grain size number (MAG=500X):
First longitudinal direction (L-T)
Inclusion rating number (MAG=100x): (Provided by Macsteel Company)
Type A (sulfide type), thin & heavy series 2.50 2.25 2,25 2.25 225 225
Type B (alumina type), thin & heavy series 0.25 0.25 0.25 0.25 0.25 0.50
Type C (silicate type), thin & heavy series none none none none none none
Type D (globular type), thin & heavy series 0.50 (.50 0.75 0.50 0.50 0.50
Hardness:
Brinell (HB}(measured)
the first longitudinal direction 285.0 279.7 274.3 285.0 209.0 2743
Transverse direction - - - - - -
Rockwel! B-scale (HRB)
The first longitudinal direction - - - - - -
Transverse direction - - - - - -
Rockwell C-scale (HRC)(converted)
The first longitudinal direction - - “ - - -
Transverse direction - - - - - -
Microstructure type:
The first longitudinal direction - - - - - -
Transverse direction - - - - - -
IT131 IT 133 IT131 1133
Monotonic Properiies Average Range
Modulus of elasticity, E, GPa (ksi): 193.2 193.5 2015 - 184.8 1960 - 191.0
Yield strength (0.2% offset), YS, MPa (ksi): 650.3 627.9 660.5 - 640.0 6268 - 629.0
Upper yield strength UYS, MPa  (ksi): - -
Lower yield strength LYS, MPa  (ksi): - -
Yield point elongation, YPE (%) - -
Ultimate strength, S, MPa (ksi): 973.4 943.2 9583 - 938.4 9421 - 944.4
Percent elongation, %EL (%) 24.9% 26.7% 27.4% - 22.4% 23.0% - 304%
Percent reduction in area, %RA (%): 28.3% 36.4% 203% - 30.3% 374% - 35.4%
Strength coefficient, K, MPa (ksi): 1,480.2 1,445.5 L4862 - 1,474.3 14694 - 14217
Strain hardening exponent, 1 0.1422 0.1446 0.1418 - 0.1425 0.148% - 0.1403
True fracture strength, G¢, MPa (ksi): 1038.7 1069.8 10296 - 1047.9 10436 - 1096.1
True fracture ductility, € (%e): 33.3% 45.2% 30.5% - 36.1% 46.8% - 43.6%
Cyclic Properties Average Range
Cyeclic modulus of elasticity, E', GPa (ksi): 193.9 150.2 2033 - 182.6 2048 - 179.2
Fatigue strength coefficient, Of , MPa (ksi): 1,354.7 1,550.3
Fatigue strength exponent, b: -0.0776 -0.0965
Fatigue ductility coefficient, &/ : 0.801 1.846
Fatigue ductility exponent, ¢: -0.6875 -0.7617
Cyclic strength coefficient, X', MPa (ksi): 14471 [416.5
Cyclic strain hardening exponent, n': 0.1210 0.1247
Cyclic yield strength, YS', MPa (ksi) 682.4 652.6
Fatigue Limit (defined at 10° cycles), Mpa (ksi) 439.1 382.3
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Table 1: Chemical Composition of 1538 MV Forged Steel (Courtesy of Gerdau-MacSteel)

IT 131/132 IT 133/134
Heat Number: | 3M74155 3IM73212 | 4M73828 | 4M73833 | 4M73835 4M73836
Element Wt. %
Carbon, C .38% 0.38% 0.38% 0.38% 0.38% 0.37%
Manganese, Mn 1.40% 1.34% 1.38% 1.36% 1.38% 1.36%
Silicon, Si 0.56% 0.56% 0.56% 0.54% 0.56% 0.54%
Chrommum, Cr 0.16% 0.14% 0.13% 0.15% 0.14% 0.15%
Nickel, Ni 0.08% 0.10% 0.09% 0.10% 0.08% 0.08%
Molybdenum, Mo 0.02% 0.03% 0.03% 0.02% 0.02% 0.02%
Copper, Cu 0.14% 0.17% 0.18% 0.16% 0.18% 0.17%
Phosphorus, P 0.015% 0.010% 0.013% 0.009% 0.013% 0.009%
Sulfir, S 0.058% 0.060% 0.056% 0.054% 0.053% 0.060%
Aluminum, Al 0.004% 0.005% 0.004% 0.003% 0.004% 0.003%
Tin, Sn 0.008% 0.012% 0.010% 0.009% 0.009% 0.008%
Vanadium, V 0.052% 0.086% 0.086% 0.086% 0.082% 0.083%
Columbium, Cb 0.002% 0.002% 0.002% 0.002% 0.002% 0.002%
Boron, B 0.0001% 0.0002% 0.0002% 0.0002% 0.0002% 0.0001%
Calcium, Ca 0.0008% 0.0007% 0.0006% 0.0006% 0.0006% 0.0006%
Titantum, Ti 0.001% 0.001% 0.001% 0.001% 0.001% 0.001%
Nitrogen, N2 0.0148% 0.0159% 0.0150% 0.0147% 0.0151% 0.0151%
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Flgure 1 Mlcrograph at IOOX magmﬁcatlon showmg the m1crostructure
of 1538MV As-hot Rolled Steel. (Courtesy of Gerdau MacSteel)

Flgure 2 Mlcrograph at 100X magmﬁcatlo hdmngih mlc.rostrule
of 1538MYV Forged Steel. (Courtesy of Gerdau MacSteel)

19




0.73"R

3. 73R

surface finish 0.2
microns or better

A / Ih test reglon
1 Detall
- 0.40¢ ~—0.2007D 428"

S

/ ?

approx. 1.3% +/- 0,0£*

0,500
* 9/647 center drill

not more thon 0147

Figure 3: Specimen configuration and dimensions (in.)
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Figure 4: Sections of forged crankshaft used to obtain specimens of iterations 133 and 134
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Figure 5: True stress amplitude versus true plastic strain amplitude (calculated) for (a) IT
131, and (b) IT 133




Engineering Stress vs. Engineering Strain
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Figure 6: Monotonic stress-strain curves for (2) IT 131, and (b} IT 133
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True Stress Amplitude vs. True Plastic Strain Amplitude (Calculated)
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Figure 8: True stress amplitude versus true plastic strain amplitude (calculated) for (a) IT

131 and (b) IT 133




True Stress Amplitude vs. Trwe Strain Amplitude
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Figure 9: True stress amplitude versus true strain amplitude for (a) I'T 131 and (b) [T 133

26



€1 pue ¢ LT 107 ejep spmirjdure urens any snsioa spmyrjdure ssans any pasodurzadng

:01 am3rg

%ST

%0°C

(%) T/2v epmydury mrens anay

%L1 %01 %<0

%00

)
o

T 001

T 00C

+ oor
+ oos

T 009

00L

T 008

[991§ PaBI0I AINSEST — — —
291G PA[0Y 10Y-SY ANSECT ——

T 006

0001

spmydury uren§ snay ‘sa spmyrpdury ssoa)g onay

() ov apnmndury ssaayg ond g,

e
™~



Composite Plot of Monoetonic and Cyclic Stress-Strain Curves
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Figure 11: Composite plot of cyclic and monotonic stress-strain curves for [T 131




Composite Plot of Monotonic and Cyclic Stress-Strain Curves
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Figure 12: Composite plot of cyclic and monotonic stress-strain curves for IT 133
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True Stress Amplitude vs. Reversals to Failure
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Figure 13: True stress amplitude versus reversals to failure for (2) IT 131 and (b) IT 133
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True Plastic Strain Amplitude (Calcolated) vs. Reversals to Failure
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(b)

True plastic strain amplitude (calculated) versus reversals to failure for (a) IT 131
and (b) and IT 133
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True Strain Amplitude vs. Reversals to Failure
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True strain amplitude versus reversals to failure for (a) IT 131 and (b) IT 133
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Neuber Stress Range vs. Reversals to Failure
10000
!
E Fitted Equation
=) O Neuber Data
5 HEE H
E =
= 1000
=
E.ﬂ
E
;ﬁ
Z
b AISI Iteration 131 L
3 1338MY Ag-hot Rolled Steel | : |
2 ANRENTF RN
100 AR e
1E+2 1E+3 1E+4 1E+5 1E+§
Reversals to Failure, 2N
()
Neuber Stress Range vs, Reversals to Failure
10000 T T :
m : : f : :
:3 IR
S' Fitted Equation j
= O  Neuber Data !
—_ s .
=)
=
W
g
& |
g, 1oao
&
o
o~
4 I
1] !
N I REEE] 1
3] AISE Iteration 133
-g 1338 MV Forged Steel
9 w B ;
Z, fh
100 i
1E+2 1E-+8
Reversals fo Failure, 2N;

(b)

Figure 20: Neuber stress range versus reversals to failure for (a) IT 131 and (b) IT 133
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SWT Parameter vs. Reversals to Failure
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Figure 26: Periodic overload data superimposed with constant amplitude data in a plot of
SWT parameter versus reversals to failure for (a) IT 131/132 and (b) IT 133/134
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Table A-2: Summary of constant amplitude completely reversed fatigue test results for I'T 131

At midlife (Ns5ge;)
SpecimEn Test Test E, GPa E’, GPa AS/Z, Aep/2 AEP/Z AO‘/Q, Cins 2N50°°, (2Nf)1{)%, (2Nf)50%, Faﬂu.re
D control | fleq., § (ksi) (ks) o, (caledlated), | (measured), | MPa | MPa [zl [b] (e} Incation
mode | Hz [¢] ? % % (ks | (ks | reversals | reversals reversals .
13110 | Strain [ 0.2 | 190.1 | 191.37| 2.001% 1.538% 1.518% | 892.81( -10.34 128 - 246 IGL
(2751 [(2,726) {129.5) | -(L.5)
131 8 Strain | 0.25 [191.74| 182.63 | 2.008% 1.563% 1.520% | 859.41} -10.87 128 - 256 IGL
(27,809)[ (26,487 (124.6) | -(1.6)
131 4 Strain { 0.25 | 202.64( 194.94| 2.067% 1.532% 1.524% | 916.6 | -11.17 128 - 292 1GL
(29,390)] (28,273) (132.9) | -(1.6)
1319 Stram | 0.4 | 194741 187.39| 0.9%9% 0.607% 0.583% §756.26] -7.881 512 - 1,386 1GL
(28.243)[{27,178) (1051 -(1L.1)
131 2 Stram | 0.5 [210.91(195.49| 1.002% 0.587% 0.587% | 8GL75 -7.360 512 - 1,432 IGL
{30,589}((28,352) (1631 ~(1.1)
131_12 | Strain | 0.5 | 197.89| I91.74% 0.993% 0.609% 0.591% | 741.56{ -8.609 1,024 - 1,624 IGL
{28,701 (27,809) {107.6) | -(1.2)
131_13 { Strain i 202.62 | 193.061 0.493% 0.156% 0.148% | 650.14 [ 3.03381 4,096 - 6,986 IGL
{29,386)| (28,001) (94.3) | (04
131_1 Strain 1 20598 196.0 | 0.504% 0.162% 0.162% | 659.7 | -5.586} 4,006 - 8,338 1GL
(29,874)| (28,423) (95.7) | -(0.8)
1315 Strain 1 187.93| 188.6 | 0.500% 0.159% 0.140% | 658.27 | -2.785} 4,096 - 12,446 IGL
{27.256)((27,353) : {95.5) | -(0.9)
13t 3 Strain | 1.4 |205.98]203.31]| 0.350% 0.042% 0.051% | 594.0 [29.193] 16,384 “ 23,820 IGL
(25.373)[(29.487) (86.2) | (4.7
131 15 | Strain | 1.4 }183.841201.93| 0.350% 0.052% 0.050% | 575.8 | 5.1724] 32,768 50,088 IGL
{26,663)] (29,286} {83.5) | (0.8}
131_16 Stain 1.4 11898 | 192.7 | 0.350% 0.052% 0.046% | 575.24)-36.21| 43,702 - 74,982 IGL
(27525)[(28,668) (83.4) | -(53)
131_11 Load 15 - - 0.250% 0.000% - 499,681 0.9894 | 131,072 - 304,336 iGL
(1.5 | 0.0
131 14 Load i35 - - 0.250% 0.000% - 499,49 | [.5874] 262,144 - 531,938 IGL
(7.4 | (02
13117 Load 15 - - 0.250% 0.000% - 49984112972 524,288 - 842,082 IGL
(72.5) | (0.2)
13118 Load 20 - - 0,200% ¢.000% - 399.97| 0.8478 1 4,194,304 - 7,672,044 IGL
{(58.0) | (0.1)
13132 Load | 20 - - 0.200% 0.000% 390 | 0.52741 4,194,304 - >10,000,000 | No Failure
(56.6) | (G.1)
131 6 Load | 20 - - 0.175% 0.000% 337.66| 0.9524 [ 2,097,152 - >10,000,600 | No Faiure
{49.0) | (0.1

[a] 2Nsp is defined as the midlife reversal
[b] 2(Nhge is defined as reversal of 10% max load drop
{c] 2(NPsoe is defined as reversal of 50% max load drop
[d] IGL = Inside gage length; OGIT = Outside gage length but inside test section
[e] E value was calculated from the first cycle
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Table A-3: Summary of constant amplitude completely reversed fatigue test results for IT 133

At midlife (Nsoy)
Specimen Test | Test [E, GPa B, GPa| As/2, Agpf2 Aepl2 | Ac/2 | om | ZNsow, [N, | (INgsoy,, | Faiuee
D contrel | feq., | (ks (ksi) % {calculated),| (imeasured),] MPa | MPa [} 13} [¢] location
mode | Hz el % % (ksD | (ksi) | reversals | reversals | reversals [d]
133 4C1 | Strain | 03 | 188.44) 1826 | 1.995% | 1.549% 1.506% | 862.0| -7.1 256 - 464 IGL
(273300 (26476) (125.00F -(L.O)
133 4B2 | Stram | 03 [189.79| 182.0 | 2.004% | 1.560% 1.527% | 85721 -44 256 - 498 IGL
27.526)] (26397) (124.3) | -(0.6)
133 3C2 | Strain | 0.5 (20926} 196.7 | 1.001% | 0.612% 0.604% | 752.1| -6.5 512 - 1,472 IGL
(30,350} (28,522) (109.1) | -(0.9)
133_1B1 | Strain | 0.5 | 186.18| 179.7 | 0.995% | 0.622% 0.577% | 7212 | -85 1,024 - 2,124 IGL
27002} (26,068) (104.6) | -(1.2)
133_7B1 | Strain 1.0 18474 1792 | 0.501% {1 0.167% 0.143% | 6444 | ~104 4,096 - 9,892 IGL
(26.794)] {25,986) {93.5) | -(L.5)
133 2D2 | Sirain | 1.0 [ 194.95] 190.5 | 0.500% | 0.166% 0.164% | 6476 1.1 4,096 - 10,732 1GL.
(28274 (27.624) 939 | (©2)
133_6C2 | Stram 1.0 |187.28] 189.1 | 0.499% | 0.184% 0.167% | 610.7 ] -8.4 8,192 - 14,500 I1GL
(27162) (27433) (88.6) | -(1.2)
133 4D2 | Stram | 1.4 |190.17| 184.6 | 0.350% | 0.059% 0.041% | 562.9 | -37.3 16,384 - 28,556 IGL
{27.580)] (26,770) (8L6) | (5.4
133 4C2 | Strain | 1.4 ] 198.75| 204.8 | 0.349% | 0.056% 0.065% | 567.6 | -5.0 16,384 - 34,240 IGL
(28826)| (29.705) : (2.3 | 07
133_1B2 | Strain | 14 | 192.0 | 198.6 | 0.350% | 0.059% 0.059% | 5633 | -23.8 16,384 - 44334 I1GL
(27.850)] (28,797 (81.7) | -(3.9)
133 _1C1 | Load | 4.0 - - 0.250% | 0.013% - 459.0 1.0 65,536 - 192,344 IGL
(66.6) | (0.1)
133 _6B1 | Load 4.0 - - 0.250% | 0.013% - 458.2 1.3 131,072 - 255,404 1GL
©65) | (0.2)
133_1D2 | Stram | 2.0 | 197.56| 204.6 | 0.250% | 0.003% 0.013% | 477.7 | -97.6 | 262,144 - 447,542 I1GL
Load [ 3.0 [(28653)| (29.675) (693} | -(14.2)
133 _1D1 | Load § 25.0 - - 0.200% | 0.000% - 389.8 1.6 524,288 - 1,078,788 IGL
{56.5) | (0.2)
133 _7C1 | Load | 25.0 - - 0.200% } 0.000% - 3894 0.1 1,048,576 - 1,736,708 IGL
56.5) | (0.0)
133 3B2 | Load | 25.0 - 0.200% | 0.000% - 389.9 0.9 1,048,576 - 2,142,424 IGL
(565) | {0.0)
133 2C1 | Load | 25.0 - - 0.175% | 0.000% - 3383 02 | 2,097,152 - >10,000,000 | No Faihwe
(49.1) | {(0.O)
133 3B1 | Load | 25.0 - - 0.175% | 0.000% - 3362 | -0.3 | 2,097,152 - >70,000,000 | No Failure
(18.8) | (0.0)

[a] ZNsges is defined as the midlife reversal
[b] 2(Nhow is defined as reversal of 10% max load drop
[e] 2(Np)soss is defined as reversal of 50% max load drop
[d] IGL = Inside gage length; OGIT = Outside gage length but inside fest section
[e] E value was calculated from the first cycle

49




onjer 9Seurep () SY; UI PIPRIOW §1 §3[94D paurens-e1d oyr wog aFeire(] 91040 000T 10f 240C°0 o apmydre trens 1O syl 18 pajaio-aid alom $1591 PI[IOIU0D-prOT [2]
STm-pru oy ame pauodal senyea S8 [ [4]
1Sus] 03T opisul =01 [€]

g3 ISID | 8068021 | €IS | 00001 00 SSI9 | %S800 | %66£0 | 0007 | €89F | #OPT | %0000 | %ETEQ | %SL00 | TL/ET | PROT | 0 TET
g3 Ov10 | PE6TT6 L6€ | 000°01 00 Y519 | %S8000 | %66£0.| 0007 | £89F | €OPT | %0000 |%FTE0 | %SL00 | 0E/ €T | PROT | 8T C€l
oI vLZ0 | 90408 | ¥BLT | 00001 00 ¥SI9 | %800 | %6660 | 00T | TEIF | TS6T | %0000 | %00E0 | %0010 | ¥/€T | PROT | TT Tl
1 S9T'0 | 9PIEET 6v9 | o000t 00 | ¥'SI9 | %S80°0 | %6650 | 008 | T6IF | TS6L | %0007 | %00E0 | %0010 | T1/ €T | PROT | T TEl
gl ¥ieo [L8'11€ | $€1T | 00001 00 FSI9 | %SBO0 | %6680 | 00T COLE | T | %0000 |%SLTO | %sTi0 | #/€1 | PeoT | STTeEl
1 OLI0 | LZ5STT $69 | 000°0I 00 19 | %S80°0 | %66t0 | 08I TOLE | TH¥T | %0000 | %SLTO | %STIO | #/¢T | PROT | 6T €l
I 6910 11578 989 | 00001 00 | ¥'S19 | %5800 | %6680 | 00T COLE | OFPT | %0000 | %SLTO | %STI0 | +/€T | PROT | 1T €Ll
o1 [7ARY £667E ¥TL ] 00001 00 €619 | %S00 | %6680 o $'8TT | L'S8E | %E000 | %000 | %00T0 {0€/£T | PBOT } 17Tl
01 L0 E8LPE 0TL | 00001 | 00 FCI9 | %E80°C | %66€0 o 78T | 9686 | %000 | %00T0 | %00T0 | ¥/€1 | PROT | 0T TEI
oI 8r10 PELTT v8r | 000901 00 | ¥S19 | %5800 | M66E0 o CRTT | 8°98E | SEODT | %00T0 | %00TO | ¥/ET | PeOT | €2 TSI

(€ [ (%) [CLEECI (%) %) I )
saro ) saro o
(] oy {se104D) (seD) ( ﬁn\ﬂ‘uv (BdW) (IIN) (peremores) (8) (s3940 () (edIAD) (poremoreo) ) (%) 35710 SPOW
uonea0 SFBWE  (hoes ¢ T PN . . o 4 10 3 DS . . o d g cwg 05 By I 02dg
(ba)os IN TO W 0 g 10 /%3y 6 cWg 08 Bg OIS 7/%3v balg. jonuon
arnres 10 “dny 189 1831

aondr1d$a( A10) ST peo]

ZET/TET 11 10J s}nsal 189} angne] peopdA0 JApordd ay) Jo Arewiwung : $-y 9[qe],

50




o1el afewep “JO 2} W P3PR]OUI St SS[0AD pauren;s-21d sy wog 9Feum $9[242 Q00T J0F %060 JO spnadie Wwels O 2U1 1B paja4o-a1d aram §158 pI[[ONTAI-PEOT 2]

SJI-pI oLy ole papodor sanfea $sa018 1y [q]
18us] 9Fed sp1sul =" [2]

o1 | szzo | evtszee | 821 | o001 | 00 | vL6s | %0600 | %66€0 | 0007 | 918F | OCIT § %0000 | %6ELD | %0900 0C/ €T | PROT [1QS #EL

o | crzo | sszsigz | optn | 00001 | 00 | ¥L6S | %0600 | %66£0 | 000T |-L187 | TSTL | %0000 | %66EE0 | %0900 0E/€1 | PROT |ZDS HEl

o1 | cizo | vozeret | serr § 00001 | 0C | Y465 | %0600 | %6E6€0 | 00Tt | STI9F | ISEL | %0000 | %6TE0 | %60L0°C | TL/ LT peo] |zats vEl

ot | zero | ossery | 1ze | 00001 | 00 | VL6S | %0600 | %G66E0 | 00T | 197 | USET L %0000 | %62E0 | %0L0°0 T/ 1 | pROT | 1D€ FEL

o1 | ozo | tovese | szt | 00001 | 00 | vi6s | %0600 | %66£0 1 091 | €ETK | TELL | %0000 | %01E0 | %0600 | ¥/ET peod |ZdZ el

o1 | zizo | orzozg | eirn | ooodr | 00 | vLeS | %0600 %6650 | 09T | €€TH | T'ELT | %0000 | %01E0 %0600 | ¥/51 | PROT |2GL bEI

oL ) 68T0 | £TE9S 766 | oooor | 00 | FL6S | %0600 | %6680 | 08 gose | eovz | %0000 | %S0 | %sTio | v/ET | PeoT | 109 ¥El

o1 810 6L3E 9.8 | oo0f01 | 00 | #L6S | %0600 | %6680 | 08 oose | covz | %0000 | %5220 |%STIO | ¥/ €1 | PROT |19 bEI

o1 | 9szo | osses | 19ctt | 00001 | 00 | ¥LES | %0600 [ %66£0 | OF | 909T | 9SEE | %1000 | %STCO | %SLIO | v/ €T peoT | TEL FET

L i 8810 | 9BIEY us loooor | o0 | vLes | %0600 | %6650 | Op | 909¢ | 9°SEE } %1000 | %STTO | %SLI0 ¢ ¥/ET | PEOT 1ay el

[a] [q] (o4) (<] [a] (9%) @H) [o]
S99 0 s3I0 0, G,

(&)  omEd (sopsn) (SN m& u@ (ed)  (BdW) (poremare) AM\NW Aow ©) (dW) (2N (perEInare) UM@G uﬁmaw IS0 9PON
UOIIEO0T SBRUIRCT  (ha)os IN AT N 10 g 70 g 10 AN\nwd‘ 3 N o aug 08 g UmnN\an 3 3 barg  [onmop 1 -oadg
amjre] 710 "y

1891 1855
woNALId S AX0PSIY Pl

PCT/CST 11 10] SHNSI 1593 ANJ)e) PEO[IIA0 srporiad ay3 yo Argwmng : -V 9Bl

51



Stress Amplitude vs. Normalized Number of Cycles
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Stress Amplitude vs. Normalized Number of Cycles
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Figure A-1:

(b)

True stress amplitude versus normalized number of eycles for (a) 1T 131 and (b)

IT 133
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Stress Amplitude vs, Number of Cycles
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Figure A-2:

True stress amplitude versus number of cycles for (a) IT 131 and (b) IT 133
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Composite Plot of Midlife Hysteresis Loops
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Figure A-3:  Composite plot of midlife hysteresis loops for (a) IT 131 and (b} IT 133
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