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Abstract-The high temperature low cycle fatigue properties of modified 9Cr-1Mo ferritic
steel in a hot forged and a hot rolled condition have been evaluated. The hot forged
material exhibited inferior fatigue properties as compared to the finer grained hot rolled
material. Analysis of the data indicates that a larger grain size adversely affects the
initiation stage but has little effect on the propagation stage. A steeper slope on the
Coffin-Manson plot results when the number of cycles to initiation is reduced.

INTRODUCTION

The method of processing an alloy can be expected to have an effect on the high
temperature low cycle fatigue (HTLCF) properties if different grain sizes and micro-
structures result as a consequence of different processing procedures. In this paper the
effect of hot forging as compared to hot rolling of modified 9Cr-1Mo ferritic steel alloy is
discussed. To establish the effect of the environment on HTLCF behaviour specimens of
the hot rolled material were tested in vacuum. Metallurgical analyses were used to
determine the nature of micro structural changes induced by HTLCF. A fractographic
analysis was made to determine the rote of fatigue crack growth and the results were
compared with predictions based upon a crack-opening displacement model for fatigue
crack growth. The results of this investigation are detailed herein.

MATERIALS

Modified 9Cr-1Mo alloy was obtained from the Oak Ridge National Laboratories in
plate form in both a hot rolled and a hot forged condition. The compositions of each plate
are given in Table 1. In each case the material was normalized at 1038°C for 1 h, air
cooled to room temperature and tempered for 1 h at 760°C after processing. Hot forging
was done in the 1100-1150°C range; hot rolling at a lower range.

Modified 9Cr-1Mo alloy is a weld able ferritic steel of excellent harden ability and a
desired level of elevated temperature properties, and an extensive compilation of its
characteristics is available in Ref. [1]. The alloy contains small amounts of niobium (0.06-
0.10 wt%) and vanadium (0.18-0.25 wt%). The niobium improves the properties by
promoting the nucleation of a fine distribution of M3Ce [2] and by refining the grain size
[3j, whereas the vanadium enters the carbides and retards their growth [2]. Tempering 1-
2 h at temperatures of 700-760°C after normalizing leads to the formation of M,3Cs along
prior austenitic grain boundaries and lath-martensite boundaries.
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Table (. Chemical compositions of modified
9Cr-1Mo steels (wt?;)
Element Hot forged Hot rolied

C 0.088 0.084
Cr 8.47 8.57
Mo 0.88 1.02
\4 0.21 0.20
Nb 0.07 0.07
Mn 0.37 0.46
Si Q.19 0.40
Ni 0.09 0.09
P Qaott ¢.0l10
S 0.004 0.003
N 0,054 0.053
Ti 0.001 0.005
Co 0.017 0.055
w 0.01 0.05

The microstructures for each condition are shown in Fig. 1. The microstructures consist of
tempered marten site and show a coarser structure for the hot forged material. The prior austenite
grain size characterized by the mean linear intercept were 31 ym for the hot forged material and
19 um for the hot rolled material. No influence of the rolling direction on the microstructure of the
hot rolled material was observed. As will be shown the grain size difference has a significant effect
on HTLCF. The mechanical properties For each condition at 25 and 538°C are given in Table 2.

SPECIMENS AND TESTS
Mechanical testing

Thread-end specimens of cylindrical test sections and reduced diameter were employed, the test
sections being 23.1 mm long and 7.62 mm in diameter. High temperature low cycle fatigue testing
was carried out in an MTS servo hydraulic fatigue test machine equipped with a Lepel induction
heater to provide the required test temperature of 538°C. The temperature was controlled to within
+2°C by a thermocouple located at the bottom shoulder of the gage section. The MTS was also
eqléipped with a vacuum chamber and a pumping system that was able to provide a vacuum of 4 x
107 Torr.

Axial strain-controlled fatigue tests were performed in air and vacuum at 538°C using fully
reversed sinusoidal strain waves of controlled total strain amplitude. The axial displacement was
measured by a 23.1 mm gage-length extensometer. All tests were carried out under continuous
cycling at a frequency of 0.1 Hz. At this frequency the temperature in the gage section remained
constant, i.e. no magnetostrictive effect on temperature [4] which can occur at lower frequencies
was observed in this particular specimen design.

Failure of a low cycle fatigue specimen is often defined as the point at which a 5% decrease
occurs in the peak tensile stress as measured from the saturated stress amplitude. However, in the
HTLCF tests of modified 9Cr-1 Mo materials a saturated stress amplitude was not observed.
Instead, a period of gradual softening preceded a precipitous drop in maximum nominal stress
which corresponded to the onset of macroscopic crack growth. Since during this period the stress
range; Ao, decreased linearly with an increasing number
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Fig. 1. Microstructures of (a) hot rolled and (b) hot forged modified 9Cr-1Mo steel. E ¢S [L'
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of cycles N, failure of a specimen was defined by the following graphical procedure: (1) a line = 2 f;f
was drawn parallel to the linear portion of the Ad-N curve but offset from the original curve by é = "ﬂ' 88
5% of the original stress range. (2) The intersection of the Ad-N curve and the offset line - -
defined the number of cycles to failure. ; <
Microscopy and analysis g [ :_3
Microstructures of samples in the as-received condition and after testing were examined 96. = § 8 % =
by both optical and electron microscopy. The martens tic microstructures were revealed by a g ‘g'n W §
ferric chloride solution (10 g FeCls, 23 ml HCI, 100 ml H,O). The prior austenite grain E|lE8= B~ o
boundaries were revealed by a special etchant developed by Enomoto et al. [5]. = - ; =
A Cambridge Stereoscan SEM was used to study HTLCF fracture surfaces and a Phillips g E‘ ] 5
EM 300 transmission electron microscope was used to examine thin foils. Transmission qle Qlg=|E
electron micrographs of the as received and fatigued samples were obtained from transverse u e =g
cross-sections cut from the gage length portion of the low cycle fatigue specimens. § ~ =
Samples of the carbide particles were anodically extracted from the as received material =
and from the gage section of fatigued specimens using a procedure similar to the one o A
described by Leitnaker et al. [6]. X-ray analysis was performed on powder samples prepared - ‘§
from the extracted carbides and the modified 9Cr-1Mo materials. Powder diffraction patterns = "I;‘ b § =
were obtained with a Debye-Scherrer camera using Cr-Ka-radiation. ? == =
€ %
=T ~
> O -
RESULTS TBlaR %
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Cyclic stress response :i’:‘;
Both materials showed rapid initial softening followed by gradual softening until s Bgl=s
macroscopic crack growth occurred (Fig. 2a and b). A comparison of the stress response g §% -
=== §
5= <
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Fig. 2: Cyclic stress response curves at different strain amplitudes for (a) the hot forged material
and (b) the hot rolled material

curves of the two materials shows that the stress range at a given fraction of life is
always higher for the hot rolled material. The period of rapid initial softening in
terms of fraction of lifetime is independent of the applied strain range and takes
some 30% of the total lifetime for both processing conditions. The amount of initial
softening is a function of the applied strain range and is greater for the hot rolled
material at all strain ranges applied. The period of gradual softening in terms of
the fraction of total life has approximately the same value for a high strain range
and a short test duration as it has for a small strain range and a long test duration.
Furthermore there appears to be no significant difference in the period of gradual
softening between the hot forged and the hot rolled material.

Fatigue life behaviour

The effect of processing, i.e. hot forged vs. hot rolled, on the HTLCF life of the
modified 9Cr-1Mo is demonstrated in Fig. 3. It is clearly shown that for a given total
strain range
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Fig. 3. Fatigue life as a function of strain range at 50% of the cycles to failure for
the hot forged and hot rolled materials.

Aér the hot rolled material has a longer lifetime than the hot forged material and increasingly
more so as the strain range decreases. Also included in this plot are results of vacuum fatigue
tests of the hot rolled material. These results demonstrate the pronounced effect of the
environment on the HTLCF properties of the modified
9Cr-1 Mo.

Also plotted in Fig. 3 are the elastic and plastic portions of the strain range vs lifetime for the
two processing histories. It has been proposed [8] that the following relation exists between the

strain amplitude, AET, and the number of cycles to failure, Ny:

Ace a/ ) .
ST =5 NeY + ei(Nr) M

6/, &, b and c are the fatigue strength coefficient, the fatigue ductility coefficient, the fatigue
strength exponent and fatigue ductility exponent, respectively. Using a least squares fit for the
hot forged material in these tests at 50% lifetime

ATF’T — 022 N7%% 4+ 73 N7o™ (2a)

whereas for the hot rolled material

A
—-251 = 0.32 NF°% 4 22 N7, @b)
A larger portion of the total strain range is elastic for the hot rolled material. For example, at

Aer = 0.5% the ratio of elastic and total strain range is 0.50 for the hot forged material
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Fig. 4. Cyclic stress-strain properties of hot rolled and hot forged materials

whereas it is 0.64 for the hot rolled material. The hot rolled material also has a higher
transition life, i.e. 3800 cycles as compared to 2700 cycles for the hot forged material.

The cyclic stress-strain curves at 50% of the number of cycles to failure are shown in
Fig. 4. The higher cyclic strength of the hot rolled material is evident. The equations for
the cyclic stress-strain relationship are included in Fig. 4.

The HTLCF properties in terms of only the plastic strain range at 50% lifetime are
represented in Fig. 5 where the data points indicated by (7) are taken from Ref. [7]. In
view of Coffin’s finding that there is no influence of the microstructure on the slope of the
plastic strain vs. fatigue life plot [9] it is interesting that in this study the slope depends on
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Fig. 5. Fatigue life as a function of plastic strain range at 50 %of the cycles to failure.

the processing history. Furthermore, based on Coffin's results [10], one would expect a
shallower slope for the vacuum tests. This will be discussed in more detail in a later
section.

Metallurgical analysis

Only MyCs carbide and a-Fe were identified in the as-received materials by X-ray
diffraction analysis. The lattice parameter of the complex FCC carbide M,3C¢ was found
to be 10.64 A and was independent of processing history. X-ray diffraction analysis was
also performed on extracted carbides from specimens which had been cycled to failure at
a total strain range of 0.5%. However, there was no evidence that a new phase formed
during cyclic deformation at 538°C or that the lattice parameter of the M,3C¢ carbide had
changed.

Transmission electron micrographs of as received and fatigued microstructures are
shown in Fig. 6(a)--(d). In Fig. 6(a) and (c) the as-received conditions of the hot rolled and
hot forged materials are compared. The microstructures consist primarily of packets of
parallel laths containing a high density of dislocations. In comparing the two processing
histories the mean width of the laths is approx. 0.8 um for the hot forged material and
0.4 pym for the hot rolled material. In both materials large precipitates are observed lying
along prior austenite grain boundaries and lath boundaries. These precipitates are M33Cq

Fig. 6. Transmission electron micrographs of hot rolled material (a) as-received and (b) after
cycling at a total strain range of 0.5%; also of the hot forged material (c) as-received and (d)
after cycling at a total strain range of 0.5%.



carbides as was revealed by X-ray analysis. In addition the hot rolled material also
showed precipitation occurring in the interior of the laths. Since those precipitates
possess the same shape as the carbides arranged along the boundaries it is believed
that they are also of Mp3Cg type. Their smaller size might be due to a delayed nucleation
or a slower, diffusion controlled, growth rate because they cannot benefit from grain
boundary diffusion.

Figure 6(b) and (d) show that cycling has a marked effect on the microstructure of hot
forged and hot rolled material. The dislocation density appears to have been reduced, the

dislocations have moved to cell boundaries. Cycling at Azr= 05% also causes the
development towards an equiaxed substructure. In addition, small precipitates appear in
the grain interior when cyclic deformation is applied over a longer period of time, i.e. 9 h
for the hot forged material and 39 h for the hot rolled material. These particles are
associated with tangled dislocations. Their elongated shape seems to be similar to those
observed in the hot rolled material.

On the basis of these findings and those of Jones [11] it appears that the initial
softening is due to a combination of dislocation annihilation and rearrangement and may
also in part result for a loss of strength as Mo-C-Mo clusters transfer to Mo-C pairs which
leads to a loss of interaction solid solution hardening [11]. The gradual loss of strength
following the initial drop is probably associated with precipitate coarsening.

Fractographic analysis

The fracture surfaces of all failed specimens were examined in the scanning electron
microscope and no evidence for an intergranular failure was observed. Fatigue striation
spacing measurements were made and the results are plotted in Fig. 7 in terms of the
fatigue crack propagation rate da/dN vs. the crack length a. It is noted that there is little
difference in_crack propagation rate between the hot forged and hot rolled material tested

in air at A&r = 10%. Again, a pronounced effect occurs when testing is performed in
vacuum. At constant crack length the crack growth rate is a function of the applied strain

range and increases with increasing Asr

Examples of the striated areas are illustrated in Fig. 8. Figure 8(a) and (b) show the
influence of the environment, i.e. air vs. vacuum, on the striation formation of the hot
rolled
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Fig. 7. Crack growth rates determined for striation as a function of crack length

Fig. 8. Striations observed on HTLCF fracture surfaces at a crack length of (a) 1.6 mm (hot rolled
material tested in vacuum), (b) 1.2 mm (hot rolled material tested in air) and (c) 1.4 mm (hot forged
material tested in air).

material. The photographs are taken at a comparable crack length so that the difference
in striation spacing is clearly noted. Also seen are flat regions which indicate that heavy
rubbing action took place between the fracture surfaces. Figure 8(c) depicts a striated
area of the hot forged material. Note that the individual large striations contain finer
markings, an effect also found by Boettner et al. [12] in OHFC-copper. These fine
markings were interpreted as slip steps introduced during the compression part of the
cycle.

After fatigue testing in air or in vacuum, specimens of the hot rolled and hot forged
materials were sectioned longitudinally, and micrographs of specimens tested at

Aer=0.7% are shown in Fig. 9 where significant differences between air and vacuum test
specimens are noted. For example, the surface of the specimen tested in vacuum was
much more rumpled than when tested in air. Also, for the air specimen several crack
initiation sites are observed, whereas, for the vacuum specimen no crack was observed
except for the fatigue crack itself. The number of cracks per unit length of specimen
tested in air was



Fig. 9. Surfed profiles of (a) hot rolled material tested in vacuum at a total strain range of 0.7%
and (b) hot forged material tested in air at a total strain range of 0.7%

greater for the hot forged material than it was for the hot rolled material, i.e. 4 cracks per
2 mm vs. 1 crack per 2 mm. After testing in air at a total strain range of 1.5% no
difference in number of cracks per unit length between hot forged and hot rolled materials
was observed.

DISCUSSION

A finding of interest in this study is that the HTLCF properties of the coarse-grained hot
forged material are inferior to those of the fine-grained hot rolled material, with the
difference increasing with decreasing strain range. In discussing the cause of this
difference it is convenient to separate the low cycle fatigue process into crack initiation
and crack propagation stages. A simple model for fatigue crack growth based upon crack
tip opening displacement (CTOD) considerations [13] is used to aid in the distinction
between crack initiation and crack propagation.
An expression for the CTOD in the linear elastic range is [14]:
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crop=22
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where a is the crack length, % is the yield strength and E is Young's modulus. Since
linear elastic conditions are not present during low cycle fatigue this equation must be
modified. As an approximation it is assumed that ay can be replaced by the ultimate
tensile strength. If the material obeys the cyclic stress-strain relation

— As}"
e (5]

then the ultimate tensile strength 9y, is given by kn” .In place of Young's modulus the
secant modulus, defined as the slope of the straight line connecting the compressive strain
point at zero stress with the maximum tensile stress and strain point of the stabilized or
average cyclic stress-strain loop. It is assumed that crack growth occurs only in the tensile
portion of a loading cycle. Since in the tests of the modified 9Cr-1Mo alloy the elastic strain

range is not insignificant with respect to the plastic strain range, the term At /2 s included
in the expression for the secant modulus. In the initial derivation [13] this term was not
included since the plastic strain range was taken to be much larger than the elastic strain
range. With these modifications equation (3) can now be expressed as

8 Ae,\ " 7w fAsg,\"
crop =2 ,,..( 2») Az, + Az /D ansec ] (—2;’) . 3b)

It is then assumed that the rate of fatigue crack propagation is proportional to the CTOD,
or

da _84
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If we integrate this expression between the arbitrarily small limit of 10 y and a critical
crack size of 4500 p (approx. 60% of the specimen diameter) then an estimate of the
number of cycles to grow a crack between these limits can be made. The results of such
calculations are shown in Fig. 10 together with the lifetime curves for three test conditions.
Also shown in this figure are the computed crack propagation lifetimes based upon the
data from the striation measurements shown in Fig. 10 for both vacuum and air tests.

Since the effect of the environment has not been considered in the model a direct
comparison of predictions can only be made with the results of the vacuum tests. There is
some apparent scatter associated with the three data points for the vacuum tests, but for
the strain ranges, employed in the tests, equation (3c) plots reasonably well as a straight
line through the vacuum data points in Fig. 10 if a value of A = 0.25 is assigned. It is noted
that in the plastic range the value of the proportionality constant, A, is much closer to unity
than in the elastic range. In fact for large scale plastic deformation of copper single crystals
Neumann [15] found an exact equivalency between the crack growth increment and the
CTOD. On the other hand, in the elastic range the ratio of the crack growth increment to
the CTOD may be of the order of 1:50. The closer agreement between the two quantities
in the plastic range suggests that the plastic deformation responsible for the CTOD is
concentrated at the crack tip itself as observed by Neumann, whereas in the elastic range
the CTOD process is facilitated by plastic deformation on the flanks of the crack away from
the tip itself [16].

If we assume that over the strain ranges of interest that both the propagation lifetime and
the total lifetime can be represented by straight lines in Fig. 11, then the number of cycles
to initiate a 10 p crack cannot be a straight line on this plot but is curved as shown in
Fig.11. We next examine the relationship between the slopes of these curves to determine

the factors affecting the total lifetime slope, S Ata given value of Az, \we can write

A —
Ny= Cs,”) @
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Fig. 10. Predicted crack propagation lifetimes, Np, compared with propagation lifetimes for vacuum
(Np RV), and air tests (Np RFA) based on striation measurements. Also shown are the total

lifetimes of the hot rolled materials in vacuum and air (NfRV and NfRA) and the hot forged material
in air (NfFA).
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Fig. 11. A comparison of the total life N, the number of cycles spent in propagation, Np
and the number of cycles to initiate a 10y size crack, N;.
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The first of these expressions is the empirical Coffin-Manson Law, the second expresses the straight-line fit
to the calculated propagation lifetimes and the third indicates that the value of N; at a given value of As, is
related to the values of <. and i which are themselves functions of 4¢, . The relationship between N;, N; and
Np can be expressed as:

No=N—H, n

(8-

If we take the derivative of the above equation with respect A¢, \we obtain:

or

d¥, _ 1 N, 1N, _ 1N,
dAs,” TrAs, ViAe, " pac, @
which leads to the result that at any given Ag,
1 N, 1 N1
=B 10
TP N, ao

Therefore the slope of the total lifetime line depends as would be expected upon the relative contributions of
the initiation and propagation stages. If the number of cycles to initiation were to be zero, then the value of /
would equal that of p. On the other hand if the lifetime were spent in the initiation process only, then would i
and fbe equal.

With this background we next consider the results of the lifetime tests in air. On Fig. 10 lines representing
the total lifetimes for the hot rolled and hot forged materials are shown. Data points based upon the striation
measurements are also shown, and a straight line of the same slope as for the vacuum tests has been drawn
through these points. Based on the striation data, any difference in fatigue lifetime behaviour must be
associated with the initiation stage since the propagation stages were quite similar. Since the slope of the
total lifetime line for the hot rolled material tested in air is the same as the slope for the vacuum tests we
conclude, based upon equation (10), that at any given value of 4% the Np and Ni cycles have both been
reduced by the same percentage. On the other hand, since the slope of the total lifetime line for the hot
forged material tested in air is steeper than for the hot rolled material then the proportion of lifetime spent in
crack initiation must be less. We attribute the greater ease of crack initiation in the case of the hot forged
material to its larger grain size. The specimens tested in air were held at temperature for two hours to allow
an oxide to form. In comparing the surface profiles shown in Fig. 9



it appears that this surface oxide can serve as a barrier to slip. However it is a weak barrier, being
easily overcome by inhomogeneous plastic deformation in certain favourably oriented grains. A first
step in the fatigue failure chain is the rupture of the oxide film. The larger grain size and associated
lower yield strength of the hot forged material will facilitate oxide rupture. This oxide rupture could
occur as early as the first cycle, dependent upon the plastic strain amplitude. If rupture does not occur
in the first cycle, the observed cyclic softening will promote rupture in subsequent cycles due to the
associated increase in plastic strain amplitude. Once a crack has been initiated the larger grain size
will also facilitate combined Mode | and Mode Il growth through the first grain by increasing the crack
opening displacement due to a lower yield strength and by reducing the constraints on Mode ||
deformation as a result of the relatively large distance to the first grain boundary. As the result of
these combined effects the number of cycles required to initiate a I0pm crack will be less in the larger
grained material.

Conclusions

(1) The HTLCF properties of modified 9Cr-1 Mo ferritic steel are sensitive to grain size, with a larger
grain size as in hot forged material leading to inferior fatigue properties as compared to finer-grained
hot rolled material.

(2) An air environment degrades the low cycle fatigue properties with respect to vacuum. In the hot
rolled material both the initiation and propagation stages were equally affected. In the hot forged
material a greater reduction in the number of cycles to initiate a 10 a crack was found, and this
reduction was attributable to a larger grain size which facilitated oxide rupture and initial crack
formation and growth.
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