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Elimination of Dual Slope from the
Coffin–Manson Relationship
of Low-Cycle Fatigue in the Titanium
Alloy Timetal 834, by Cold Rolling

K.V. SAI SRINADH and VAKIL SINGH

Cold rolling of the titanium alloy Timetal 834 was found
to cause marked enhancement in low-cycle fatigue
(LCF) life at low strain amplitude and to eliminate
bilinear behavior from the Coffin–Manson (C-M) rela-
tionship. It was due to work hardening of surface grains
of soft orientation and consequent increase in resistance
of the material against crack initiation. The observed
effect was not associated with texture.

DOI: 10.1007/s11661-007-9229-z
� The Minerals, Metals & Materials Society and ASM
International 2007

Alloy Timetal 834 is a near a-titanium alloy designed
for high-temperature applications as compressor disc
and blade of advanced gas turbines of jet engines, to
substitute the heavy nickel-base super alloys. It is
already in use for some applications where temperature
excursions reach even up to 923 K.[1] Because the service
conditions of the structural components such as com-
pressor discs and turbine blades involve monotonic as
well as cyclic loading, a combination of both high creep
strength and fatigue resistance is required for their
satisfactory working. For optimum performance of the
alloy Timetal 834, a bimodal microstructure with 10 to
15 vol pct of primary a, in a lamellar matrix of
transformed b, has been established.[2,3]

Srinadh and Singh[4] have recently characterized the
cyclic stress response and low-cycle fatigue (LCF)
behavior of Timetal 834 in the (a + b) solution-treated,
air-cooled, and stabilized condition, at a constant strain
rate of 0.008 s)1 and at room temperature, and observed
a bilinear behavior in the Coffin–Mansion (C-M)
relationship. The lower segment of the C-M plot,
corresponding to the region of low strain amplitudes,
was found to be much steeper than that of the upper
one. Likewise, fatigue life, at the lower strain amplitudes
(Dep/2< ±0.131 pct), was considerably less than that
expected from extrapolation of the upper segment.
Similar dual slope in the C-M plot of this alloy has

been established also at a constant cyclic frequency of
0.2 Hz (5). The lower fatigue life, at low strain ampli-
tudes, was established to be associated with localization
of plastic strain in a few widely spaced planar slip bands
in the surface grains of soft orientations and consequent
enhancement in the process of fatigue crack initiation in
them.[5]

In view of the previous observations, the present
investigation was undertaken to work harden the
surface grains of soft orientation by cold rolling and
to examine its effect on the C-M relationship of the alloy
Timetal 834.
Alloy Timetal 834 was procured from M/s Imperial

Metal Industries (MFD BY Timet, Birmingham, UK) in
the form of rods of 18-mm diameter. It contained (mass
pct) Al-5.07 pct, Sn-3.08 pct, Zr-3.45 pct, Nb-0.66 pct,
Mo-0.31 pct, Si-0.2 pct, C-0.04 pct, O-0.075 pct, and
balance Ti. Blanks of 100-mm length were vacuum
(10)3 torr) sealed in a silica tube, solution treated in the
a + b phase field at 1283 K for 1 hour, and cooled in air.
These blanks were aged at 973 K for 2 hours and cooled
in air to stabilize the microstructure. This heat treatment
is thus designated as (a + b) ST-AC-A. The heat-treated
blanks were cold rolled using a laboratory-type rolling
mill with circular roll pass, and the cross-sectional area of
the blanks was reduced by 15 pct. Mechanically polished
samples were etched with a solution of 10 HF + 5
HNO3 + 85 H2O (vol pct) for optical microscopy.
Standard Hounsfield tensile specimens, with gage

length and diameter of 15.4 and 4.52 mm, respectively,
were machined and tested at a strain rate of
5.4 · 10)4 s)1 using a screw-driven Instron of 50 kN
capacity (INSTRON TT-CM-L, Boston, USA).
The effect of cold rolling on preferred orientation was

studied by texture analysis using the Panalytical MRD
system (MRD Panalytical, Enidhoven, Netherland).
Flat samples of 22 · 10 · 3 mm size were machined from
the midsections of both as-received and cold-rolled
blanks for texture study. These samples were polished
first mechanically and then electrolytically before
texture analysis.
The LCF tests were performed using cylindrical

specimens, with gage length and diameter of 15 and
5.5 mm, respectively, shoulder radii of 25 mm, and
threaded ends of 35-mm length and 12-mm diameter on
either side. The gage section of the machined LCF
specimens was mechanically polished with emery papers
of 1/0 to 4/0 grades and finally by slurry of 0.3 l
alumina powder in water, to minimize the surface effect,
if any. The LCF tests were performed under total strain
control mode, in fully reversed axial loading (R = )1),
at a constant strain rate of 0.008 s)1, using a servo
hydraulic MTS of ±50 kN, equipped with a ‘‘Test star’’
software system. Strain was monitored by a 10-mm gage
length extensometer (model number 632.13C-20), and
the cyclic load was applied in triangular wave form.
Failure was considered as a 15 pct drop in the load
corresponding to that at the 100th cycle.
The optical microstructure of the alloy Timetal 834 in

the as heat-treated condition [(a + b) ST-AC-A] and in
the 15 pct cold-rolled condition is shown in Figures 1(a)
and (b), respectively. It is obvious that the microstructure

K.V. SAI SRINADH, Assistant Professor, is with the Department
of Mechanical Engineering, National Institute of Technology, Wa-
rangal 506 002, India. VAKIL SINGH, Professor, is with the Centre
of Advanced Studies, Department of Metallurgical Engineering,
Institute of Technology, Banaras Hindu University, Varanasi
221005, India. Contact e-mail: vakil@bhu.ac.in
Manuscript submitted February 5, 2007.
Article published online July 14, 2007.

1868—VOLUME 38A, AUGUST 2007 METALLURGICAL AND MATERIALS TRANSACTIONS A



is bimodal in nature and that the volume fraction of the
primary a-phase is approximately 12 pct. In general, the
microstructural features of the as-heat-treated and cold-
rolled material are comparable, except the appearance of
distinct slip traces, particularly in the primary a phase, of
the cold-worked material (Figure 1). Fine slip traces may
be seen also in the transformedbphase of the cold-worked
material. Tensile properties of the alloy in the as-heat-
treated as well as cold-rolled condition are recorded in
Table I.

While the strength parameters (yield strength rys,
ultimate tensile strength rUTS, and strength coefficient
K) are relatively higher, the degree of work hardening
(rUTS/rYS) and the work-hardening exponent (n) are
relatively lower in the cold-rolled condition. The ductil-
ity parameters (uniform elongation (eu), total elongation
(et), and reduction in area (RA)) are considerably lower
in the cold-rolled condition.

Cyclic softening was observed both in the as-heat-
treated and in the cold-rolled condition. However, the
degree of softening was found to be relatively higher in
the as-heat-treated condition than that in the cold-rolled
one. The LCF behavior was analyzed using the C-M
relationship between the plastic strain amplitude (Dep/2)
and the number of reversals to failure (2Nf):

Dep=2 ¼ e0fð2NfÞc ½1�

where e0f and c are the fatigue ductility coefficient and
fatigue ductility exponent, respectively. It is evident
that while there is only one slope in the cold-worked
condition, there are two slopes in the as-heat-treated
condition (Figure 2).

The other fatigue parameters (fatigue strength coef-
ficient (r¢f) and fatigue strength exponent (b)) were
evaluated using the Basquin’s relationship between the

elastic strain amplitude (Dee/2) and the number of
reversals to failure:

Dee=2 ¼ ðr
0
=EÞ � ð2NfÞb ½2�

where E is the Young’s modulus. Transition fatigue
life (Nt) was determined at the point of intersection of
the elastic and plastic strain amplitude plots. The val-
ues of the fatigue parameters and transition fatigue life
are recorded in Table II. It is obvious that the experi-
mentally determined fatigue ductility exponent (cexp)
for the 15 pct cold-rolled condition is relatively closer
to the generally observed value ()0.5 to )0.6) as com-
pared to that of the as-heat-treated one. On the other
hand, the value of the experimentally determined fati-
gue strength exponent (bexp) is lower for the cold-
rolled condition than the as heat-treated one. The frac-
ture behavior of the as-heat-treated and 15 pct cold-
rolled material, tested in LCF at Det/2: ±0.7 pct, is
shown by scanning electron microscopy (SEM) fracto-
graphs in Figure 3.
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Fig. 2—C-M plot for the alloy Timetal 834.

Table II. Fatigue Parameters and Transition Fatigue Life in

As-Heat-Treated and 15 Pct Cold-Rolled Condition

Fatigue Parameters As Heat Treated 15 Pct Cold Rolled

cexp )0.61 )0.49
ccal )1/(1 + 5n¢) )0.74 )0.80
e¢f 0.35 0.30
bexp )0.075 )0.065
bcal )n¢/(1 + 5n¢) )0.06 )0.05
r¢f 1200 MPa 1254 MPa
Nt 115 cycles 38 cycles

Table I. Tensile Properties of the Alloy Timetal 834 in the

As-Heat-Treated and 15 Pct Cold-Rolled Condition

Tensile Properties Heat Treated Cold Rolled

ry 929 (MPa) 1133 (MPa)
rUTS 1014 (MPa) 1161 (MPa)
rUTS/rYS 1.09 1.02
eu 10.1 (pct) 2.5 (pct)
ef 13.3 (pct) 5.8 (pct)
RA 12 (pct) 8 (pct)
n 0.06 0.04
K 1263 (MPa) 1354 (MPa)

Fig. 1—Optical microstructure of the alloy Timetal 834: (a) as heat treated and (b) 15 pct cold rolled.
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Various mechanisms, such as the change in the mode
of fracture with increase in strain amplitude,[6,7] envi-
ronmentally assisted fatigue degradation,[8,9] and change
in deformation behavior through work-hardening char-
acteristics,[10] have been proposed for bilinear behavior
in the C-M relationship. However, bilinearity in the C-
M relationship of the alloy 834, in the (a + b) ST-AC-A
condition, has been found to be associated with the
difference in the mode of deformation at low and high
strain amplitudes.[5] The much lower fatigue life of the
alloy Timetal 834 in the as-heat-treated condition, at
low strain amplitudes (Dep/2 < ± 0.131 pct), than that
expected from extrapolation of the upper segment of the
C-M plot may be attributed to early fatigue crack
initiation, resulting from localization of plastic strain in
a few planar slip bands, in the favorably oriented surface
grains, as established in our earlier investigation.[5]

It may be seen that there is marked influence of cold
rolling on fatigue life, particularly at the low strain
amplitudes (Dep/2 < ± 0.131 pct). Cold rolling en-
hances the fatigue life by a factor of 5 at the lowest
strain amplitude (Dep/2:±0.057 pct). It is known that
fatigue life at low strain amplitudes is controlled
essentially by resistance of material against the process
of fatigue crack initiation. Fatigue crack initiation, at
low strain amplitudes, in the as-heat-treated condition,
is enhanced by the planarity of slip and localization of

plastic strain in a few widely spaced slip bands.
However, when the heat-treated blanks are cold rolled,
the grains of soft orientations, exhibiting planar slip,
undergo heavy plastic deformation and work harden
due to activation of other variance of slip and additional
slip systems. Thus, the regions of soft orientations, with
favorable orientations for planar slip, are eliminated
following cold rolling and the resistance of the material
against fatigue crack initiation, at low strain amplitudes,
is markedly enhanced. Parallel slip bands may clearly be
seen across the width of the primary a grains at the
surface of the heat-treated specimen (Figure 4(a)) tested
at Dep/2±0.057 pct. In sharp contrast, no such slip
bands are seen in the cold-rolled material (Figure 4(b)),
tested under identical conditions. Planar slip bands in
the primary a phase of the as-heat-treated material may
be seen more clearly in the SEM micrograph (Figure 5).
The dark regions parallel to slip bands are potential sites
for crack initiation. Deformation of primary a phase in
the heat-treated material, in widely spaced coarse slip
bands, is promoted by shearing of coherent and ordered
a2 precipitates in that condition.[11,12] High planarity of
slip, in the as-heat-treated condition, particularly in the
primary a phase, may be seen to affect also the fracture
behavior (Figure 3). While there are faceted features at
the site of fatigue crack initiation in the case of the as-
heat-treated material, in the cold-rolled material, there

Fig. 4—Optical micrographs showing surface features, following LCF at Dep/2±0.057 pct, at room temperature: (a) as-heat-treated material
showing planar slip bands in primary a and (b) 15 pct cold-rolled material without such features.

Fig. 3—SEM fractographs showing fracture behavior of the LCF specimen, tested at Det/2£ ±0.7 pct, at room temperature: (a) as heat treated
and (b) 15 pct cold rolled.
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are distinct fatigue striations. The faceted features in
the circumferential region of the fracture surface of the
as-heat-treated material may be understood in light of
the earlier investigation[12] on fatigue crack initiation in
the primary a phase of this alloy, by pileup of
dislocations on basal plane at barriers, and consequent
initiation and growth of cracks along the weak
cleavage planes. In contrast, the absence of faceted
features in the cold-rolled material may be attributed
to the much lower tendency of planar slip in this
condition because of the more uniform deformation
due to activation of additional slip systems and
consequent extensive fragmentation of the ordered a2
precipitates.

It was observed from the texture study that the
orientation distribution function (ODF) intensity was
higher (4.422) for the as-heat-treated condition than that
of the cold-rolled one (2.345). Thus, there is no
correlation between the texture and the slope of the C-
M plot. In fact, the orientation distribution function
intensity has decreased as a result of cold rolling. The
enhancement in LCF resistance of the material, as a
result of cold rolling, at low strain amplitudes, is due to
strengthening of surface grains of soft orientation. On
the other hand, the deleterious effect of cold rolling on
fatigue life, at high strain amplitudes (Dep/2 ‡
± 0.131 pct), may be attributed to exhaustion of
ductility of the material (Table I), as observed in the
HSLA[13,14] and 304 LN[15,16] steels.

Alloy Timetal 834 in the (a + b) ST-AC-A condition
exhibits dual slope behavior in the C-M plot. Obviously,

the fatigue life in the region of low strain amplitude is
much lower than that expected from extrapolation of
the data of high strain amplitude. Fatigue life is
markedly enhanced at low strain amplitude due to cold
rolling, and consequently, the dual slope is eliminated
from the C-M plot. The dual slope in the as-heat-treated
condition occurs due to the planarity of slip and
localization of strain in a few slip bands. The elimination
of dual slope from cold rolling is attributed to strength-
ening of the surface grains of soft orientation and
consequent inhibition of planarity of slip.

The authors are thankful to Dr. A.K. Gogia,
Director, Project Office Materials, Kaveri Engine Pro-
gramme, Hyderabad, for supplying of the alloy and
for his interest in the work.
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Fig. 5—SEM micrograph showing distinct planar slip bands in pri-
mary a phase at surface, in gage section, following LCF at Det/2:
±0.7 pct, at room temperature.

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 38A, AUGUST 2007—1871



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


