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UNIT CONVERSION TABLE

Measure SI Unit US Unit from SI to.US from US to SI
Length mm in 1 mm= 0.03937 in 1in=254 mm
Area mm? in® 1 mm? = 0.00155 in® 1 in” = 645.16 mm>
Load KN kib 1KN = 0.2248 kb 1 klb = 4,448 kN
Stress MPa ks 1 MPa = 0.14503 ksi 1 ksi = 6.895 MPa
Temperature  °C °F °C=(°F-32)/1.8 °F=("C*1.8)+32
In SI Unit: '

1kN=10N 1Pa=1N/m* 1MPa=10°Pa=1N/mm’ 1 Gpa=10°Pa
In US Unit: | :

1klb=10>1b 1psi=11b/in® 1ksi=10°psi




SUMMARY

Periodic overload fatigue data were obtained for the steel material of iterations
116, 117, and 118. The .material was provided by AISI. Two constant amplitude fully
reversed tests were performed for each iteration to verify that fatigue bshaviors were the
same as those obtained in previous constant amplitude testing performed in iterations 99,
80, and 81. Periodic overload and fatigue behaviors were obtained from eleven, eleven,
~ and thirteen specimens for iterations 116, 117, and 118, 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 steel material was provided by AISI. The test specimens were prepared from
a 4140 steel grade. Six inch square continuous cast billets were forged into 2.5” square
from which 0.625” wide slabs were cut lengthwise. Then coupons of 0.625” wide slices
in the transverse direction were cut from them. The rough specimens were then machined
from 0.625”x0.625”x2.5” square cross-section coupons at the University of Toledo. The
machined rough specimens were heat treated to a desired hardness of 40 HRC at Chrysler
and then sent to be ground to the final dimeﬁsions. The chemical compositions of
iterations 116, 117, and 118 are shown in Tables 1, 2, and 3, respectively. The chemistry
for these iterations, which were originally provided by Macsteel Company, was taken

from the final reports of iterations 99, 80, and 81.

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 1. This
configuration deviates slightly from thé specimen geometry recommended by ASTM
Standard E606 [1]. The recommended specimens have uniférm gage sections. The
specimen geometry shown in Figure 1 differs by using a large secondary radius in the
gage section to compensate for the slight stress concentration at the gage to grip.section

transition.




Before heat treatment and grinding, rough machining of the specimen was
performed in the Mechanical, Industrial, and Manufacturing Engineering Machine Shop
at the University of Toledo. The specimens were initially turned on a lathe to an
appropriate diameter for insertion into a CNC/milling machine. Using the CNC machine,
final turning was performed to achicve slightly oversized dimensions then those specified
on the specimen drawings.

After heat treatment and grinding, the specimens were then polished prior to
testing at the University 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 pm, and 3 Pm were used. Polishing marks coincided with the
longitudinal direction of the specimen. The polished surfaces were carefully éxamined
under magnification to ensure complete removal of machine matks within the test

section.
1.2 Testing Equipment

1.2.1 Apparatus

An MTS closed-loop servo-controlled hydraulic axial load frame in conjunction
with a Fast-Track digital servo-controller was used to conduct the tests. The load cell
used had a capacity of 100 kN. Hydraulically operated grips using universal tapered
collets were employed to secure the specimens' ends in series with the load cell.

Total strain was controlled using an extensometer rated as ASTM class B1 [2].

The calibration of the extensometer was verified using displacement apparatus containing




a micrometer bérrel i1 divisions of 0.0001 in. The extensometer had a gage length of
0.236 in. and was capable of measuring strains from -5% to 10 %.

In | order to protect the specimens' surface from the knife-edges of the
extensometer, ASTM Standard E606 recommends the use of tranéparent tape or epoxy to
reushion' the attachment. For this study, it was found that application of transparent tape
allowed for more consistency of the material thickness between the knife edge and the
specimen. Therefore, transparent {ape 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 central 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

The overload tests were conducted to investigate the effects of periodic overloads
on the fatigue life of smaller subsequent cycles. For this study, 11 specimens were tested
 at 5 different strain amplitudes for iteration 116, 11 specimens were tested ét 4 different
strain amplitudes for iteration 117, and 13 specimens were test.ed at 5 different strain

amplitudes for iteration 118.




For iteration 116, all but two of the tests were performed in load-control after an initiall
1,000 pre-cycles at the overload level in strain-control. For iteration 117, all of the tests
were perforrﬁed in load-control after an initial 1,000 pre-cycles at the ovetload level in
strain-control. For iteration 118, all but one of the tests were performed in load-control
without the initial pre-cycles. One test for iteration 118 was performed in load-control
after an initial 1,000 pre-cycles at the overload level in strain-control. The periodic
overload tests were performed with INSTRON WAVERUNNER software. During each
test, the total strain was recorded using the extensometer 6utput. Test data were
automatically recorded throughout each test.

The input signal consisted of a periodic fully reversed overload of the type shown
in Figure 2. The load history in these tests consisted of repeated blocks made up 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 history, as the large cycles become more frequent, the fraction
of the total damage done by them increases and that done by the small cycles decreases.
The fully reversed strain amplitude for the overload cycle corresponded to about 10
cycles to failure. The number of sm‘all cycles per block, N, were adjusted so that they
canse 80% to 90% of the damage per block. Small cycle strain Jevels were selected at or
below the run but tevel of the constant amplitude tests. Small cycle strain amplitudes
were used from 0.062% to 0.324% for itcration 116, 0.062% to 0.332% for iteration 117,

and 0.060% to 0.240% for iteration 118. The number of small cycles per overload cycle




ranged between 16 and 900 for iteration 116, 30 and 3076 for iteration 117, and 32 and
2400 for iteration 118.

For the load-controlled tests, calculations were performed based on the true stress-

strain behavior characterized by the Ramberg-Osgood type equation:

1
Ae Ag, Ae, Ac +[Ao~)?

= —+ = -
2 2 2 2E 2K

6y

The constants for this equation were obtained from the previously performed coﬁstant
amplitude testing of iterations 80, 81, and 99, This calculation was performed 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 thronghout the test. In order to reduce cyclic' transient behavior,
1000 strain-controlled pre-cycles were applied at the periodic overload strain level. After

completion of these initial cyclf:s the second portion of the test was started using the

previously mentioned periodic overload history.




L. EXPERIMENTAL RESULTS AND ANALYSIS

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:

NOL + NSC

=1 (13)
N 50l Nf ,SC(eq)

where Ngp. is the number of overload cycles in a periodic overload test, Ngop, 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 overload test, and Nisceq) is 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

NOL
Nf,OL

_D,, | (14)

Figures 3, 5, and 7 shows the effective strain-life data superimposed on the constant
amplitude strain life plot for iterations 116, 117, and 118 respectively. Tables A-1, A-2,
and A-3 present a summary of the periodic overload test results for iteration 116, 117
and 118 respectively. Figure 9 shows a comparison of the effective and constant
amplitude strain-life data for each of the three iterations superimposed on a strain-life
plot. |

A plot of the SWT pararﬁeter for both the constant amplitude and overload data

provides another method of comparison between the constant amplitude and periodic

7




overload data, where the mean stress present in the small cycles is taken into account.

The SWT parameter is given by

G

1 T ' 1 +c
necfa =510 Y@N)? +0,'e, EQN )" (15)
where o, =0, +0,. The SWT plot for iterations 116, 117, and 118 is shown in

Figures 4, 6, and 8 respectively. As in the constant amplitude strain-life curve, the

overload data and effective strain-life curve diverged from the constant amplitude curve.




Table 1: Chemical Composition of SAE 4140 (0.004 max S) Steel

Element Wt. %
Carbon, C 0.410%
Manganese, Mn 0.870%
Silicon, St 0.240%
Chromium, Cr 0.900%
Nickel, Ni 0.050%
Molybdenum, Mo 0.180%
Copper, Cu 0.100%
Phosphorus, P 0.010%
Sulfur, S 0.004%
Aluminum, Al 0.020%
Tin, Sn 0.005%
Nitrogen, N 0.0058%
Dl 4.800%

Table 2: Chemical Composition of SAE 4140 (0.012 max S) Steel

Element Wt. %
Carbon, C 0.412%
Manganese, Mn 0.940%
Silicon, Si 0.280%
Chromium, Cr 1.010%
‘Nickel, Ni 0.150%
Molybdenum, Mo 0.220%
Copper, Cu 0.170%

* Phosphorus, P 0.010%
Sulfur, S ' 0.012%
Aluminum, Al 0.028%
Tin, Sn 0.007%
Nitrogen, N 0.0094%
Dl , 6.400%




Table 3: Chemical Composition of SAE 4140 (0.077 max S} Steel

Element Wt. %
Catbon, C 0.404%
Manganese, Mn 0.850%
Silicon, Si 0.280%
Chromium, Cr 0.990%
Nickel, Ni 0.150%
Molybdenum, Mo 0.220%
Coppet, Cu 0.170%
Phosphorus, P 0.010%
Sulfur, S 0.012%
Aluminum, Al 0.010%
Tin, Sn 0.009%

Nitrogen, N N/A
DI 5.840%
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