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Abstract

This paper considers the deformation behavior during hot forging in as-cast and forged specimens of Ti-8Ta-3Nb.
The experimental specimens are as-cast and forged specimens of Ti-8Ta-3Nb. The deformation behavior of Ti-8Ta-
3ND alloy has been characterized on the basis of its flow stress variation obtained by true strain rate compression test-
ing in the temperature range 650-900°C and strain rate range 0.001-10s™. The present study aims at assessing the hot
workability of as-cast and forged Ti-8Ta-3Nb using the approach of processing maps and comparing specimens of Ti-
8Ta-3Nb. The maps are an explicit representation of the various processes that occur in the different temperature and
strain rate conditions. The construction of the maps is based on the experimentally determined changes of strain rate
sensitivity coefficient. Processing maps were obtained at strains of 0.2, 0.3, 0.4 and 0.5 in both as-cast and forged speci-

mens.
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1. Introduction

Ti-8Ta-3Nb is developed as a candidate material
for applications in the human body. Compared with
conventional Ti alloys it offers an improved high
biocompatibility.

For successful application of Ti alloy, it is neces-
sary to develop suitable and economical processing
techniques to produce material with the desired shape
without losing the low cost advantage. For designing
a suitable processing route and for optimizing the hot
workability, it is essential to characterize the flow
stress behavior of this alloy. Such a study will also
help in evaluating the mechanisms of hot deformation
and achieving microstructural control in processing
[1]. Different approaches available for optimizing the
hot workability and evaluating the hot working
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mechanisms have been reviewed recently [2], includ-
ing examination of shapes of stress-strain curves,
evaluating kinetic parameters and developing proc-
essing maps. The present study aims at assessing the
hot workability of as-cast and forged Ti-8Ta-3Nb
using the approach of processing maps and compar-
ing specimens of Ti-8Ta-3Nb. The maps are an ex-
plicit representation of the various processes that oc-
cur in the different temperature and strain rate condi-
tions. The construction of the maps is based on the
experimentally determined changes of strain rate sen-
sitivity coefficient. They are interpreted on the basis
of the principle of the dynamic materials model
(DMM), which has been reviewed in papers [3-6]. In
this model, the work-piece subjected to hot deforma-
tion is assumed to be a nonlinear dissipater of power.
The energy transactions occurring in the work-piece
consist of two parts: G content representing the dissi-
pation by plastic work, most of which is converted
into heat; the little remaining power is stored as lattice
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defects and J co-content representing the dissipation
through microstructure changes. The total input
power is partitioned between these two as decided by
the strain rate sensitivity of flow stress (m). The
power dissipation map represents the manner in
which the power is dissipated by the material through
metallurgical processes and is constructed by plotting
is-contours of dissipation efficiency (7) on a two-
dimensional plot with log strain rate (£ ) and tem-
perature (7) as the axes. The parameter # represents
the constitutive response of the material in terms of
various microstructural mechanisms that operate un-
der given temperature and strain rate and is given by

2m 1)

m+1

The variation of # with temperature and strain rate
constitutes a power dissipation map exhibiting differ-
ent domains, which may be directly correlated with
specific microstructural mechanisms. The safe hot
deformation mechanisms are dynamic recrystalliza-
tion (DRX), dynamic recovery and superplasticity
while wedge cracking and void formation at hard
particles are damage processes. Acicular perform
structures deformed at elevated temperatures exhibit
the process of spheroidization, which occurs by the
shearing of the lamellac and globularization. This
process is considered to be a type of DRX [2]. The
extremum principles of irreversible thermodynamics
as applied to large plastic flow [7] are applicable to
dynamic materials models. Kalyan Kumar [8] and
Prasad [5] combined these principles with those of
separability of power dissipation and obtained a con-
tinuum criterion for obtaining flow instability during
hot deformation, given by:

Oln[m/(m+1)] N
dlné

£(é) = m<0 )

The variation of dimensionless parameter £(&)
with temperature and strain rate constitutes an insta-
bility map. In this map, the temperature and strain rate
regimes where é: is negative representing micro-
structural instabilities. Typical microstructural mani-
festations of flow instabilities are adiabatic shear
bands formation, flow localization, dynamic strain
aging, mechanical twinning and kinking or flow rota-
tions [6]. A superimposition of the instability map on
the power dissipation map results in a processing map,
which reveals the deterministic domains where indi-

vidual microstructural processes occur and the limit-
ing conditions for the regimes of flow instability. By
processing under conditions of highest efficiency in
the “safe” domains and by avoiding the regimes of
flow instabilities, the intrinsic workability of the ma-
terial may be optimized and microstructural control
may be achieved. Processing maps for a wide variety
of engineering materials including superalloys, inter-
metallics and metal-matrix composites have been
compiled [4]. Comparative studies are few on defor-
mation behavior during hot forging in as-cast and
forged specimens. The present work is a comparative
study on deformation behavior during hot forging in
as-cast and forged specimens of Ti-8Ta-3Nb.

2. Experimental

Ti-8Ta-3Nb alloy was three times melted by VAR
process. The three times melted ingot was thermome-
chanically processed into rods of 14 mm diameter.
The initial breakdown of the ingot was followed by
hot forging in the B phase field (around 950C [10]).
The chemical composition of the alloy in wt.% was as
follows: Ta-7.23, Nb-3.22, Ti-balance. The cylindri-
cal specimens of length 8.25mm, and diameter
5.5mm, were machined from a Ti-8Ta-3Nb alloy on
which homogenizing treatment was performed. Hot
compression tests were carried out on both as-cast
and forged specimens in the temperature range 650 -
900C and strain rate range from 0.001-10s". A com-
puter-controlled  servohydraulic testing machine
(Thermecmastor_Z) was used for hot compression
tests. All the tests were carried out under isothermal
conditions with temperature being maintained within
+2C. The temperature of the specimen during com-
pression tests was monitored with a thermocouple
spot-welded on the surface at the height of the speci-
men. The flow stress values were obtained as a func-
tion of temperature, strain rate and strain. Processing
maps were generated from the data obtained from the
experiments [4].

3. Results and discussion

The stress-strain curves, plotted as a function of
temperature at 0.1 s and 10 s” are shown in Fig. 1.
The stress-strain curves pertaining to specimens de-
formed at low temperature exhibited some flow sof-
tening and at high temperature the typical curves of
dynamic recovery processes since the rate of work
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Fig. 1. True stress-strain curves of Ti-8Ta-3Nb at 0.1 s™ and 10 s™ for different temperatures ((a, c) as-cast specimen, (b, d)

forged specimen).

(a) At 10s™ 650°C (as-cast)

(b) At 10 s 650°C (forged)

Fig. 2. Microstructures of Ti-8Ta-3Nb alloy deformed at 10 s and 650°C (a) as-cast specimen (b) forged specimen.

hardening decreases with increasing strain. The flow
stress of the forged specimens showed higher than
that of the as-cast specimen over the temperatures and
strain rates.

Fig. 2(a) was obtained at 10 s” and 650°C in the
as-cast specimen exhibiting some flow softening
curve and Fig. 2 (b) in forged specimen exhibiting the
typical curves of the dynamic recovery process. The
fine microstructures which can be shown in the dy-
namic recrystallization process are shown partly in
Fig. 2(a). But these fine microstructures in part with
the local shear cannot assure that this is in a good
domain for hot working. The flow softening of forged

specimen at 10 s” and 650°C in Fig. 2(b) can be at-
tributed to the occurrence of dynamic spheroidization
of the a grains or dynamic recovery [11].

Processing maps obtained at strains of 0.2, 0.3, 0.4
and 0.5 in both as-cast and forged specimens are
shown in Fig. 3. The numbers against each contour
represent the efficiency of power dissipation as per-
cent. The microstructural evolution of the system with
hot deformation may be tracked by following the
changes in the processing maps as a function of strain.
At the start of the plastic deformation, the different
temperature and strain rate combinations generate a
spectrum of dissipative energy states. With further
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Fig. 3. Processing map for Ti-8Ta-3Nb at a strain 0.2-0.5 showing efficiency contours in a temperature-strain rate frame ((a, c, e,

g) as-cast specimen, (b, d, f, h) forged specimen).
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deformation, the dissipative energy states will self-
organize into microstructural trajectories that go
through transients before settling down or decaying
into attractors sets or spaces to form domains within
which the efficiency of power dissipation reaches a
peak [12].

The map of as-cast specimen corresponding to a
strain of 0.2 exhibits two domains spread over the
temperature range of 800 to 900°C and strain rate of
10s™ with an efficiency of about 55% and 780 to
900, 0.01s" with an efficiency of about 47%. With
further deformation to strains up to 0.5 (Fig. 3(g)), the
peak efficiency of the first domain has decreased to a
steady state value of about 38%; the efficiency in the
region of the second domain has also decreased. The
map of a forged specimen corresponding to a strain of
0.2 exhibits three domains spread over the tempera-
ture range of 720 to 800°C and strain rate of 10s”
with an efficiency of about 59% and 800 to 900C,
10s™ with an efficiency of about 58% and 740 to
900, 0.01s" with an efficiency of about 45%. With

0.5 STRAIN

|- -—

o
g
H
ERN .
5
o
2 —

I = i
700 800 900
TEMPERATURE('C)
(a)
0.5 STRAIN

s
g
£
z
ET .
B
a
=]

a 1 1

= i
TEMPERATURE(C)
(b)

Fig. 4. Instability map developed for Ti-8Ta-3Nb at a strain
of 0.5 showing contours of constant #(¢) expressed in
percent ((a) as-cast specimen, (b) forged specimen). Instabil-
ity is predicted when £(¢) is negative.

further deformation to strains up to 0.5 (Fig. 3(h)), the
efficiency in the region of three domains has de-
creased and the third domain has split in two, one
centered at 760°C and 0.001s" and another one cen
tered at 860°C and about 0.01s™.

The maps of the as-cast and forged specimen have
some similar contours. The maximum efficiency de-
creases with increasing strains in both the as-cast and
forged specimen. The low efficiency area in the
forged specimen is smaller than in the as-cast speci-
men. The efficiency of the forged specimen is higher
than that of the as-cast specimen over all the ranges.
The initial breakdown of the ingot increases the effi-
ciency of the hot working. Fig. 3 shows that the effi-
ciency contour of the as-cast and the forged specimen
does not specially change with increase strain differ-
ent from that of ETP copper [12].

The instability map developed on the basis of the
instability criterion given by Eq. (2), corresponding to
a strain of 0.5 is shown in Fig. 4. Instability maps for
all other strains are similar to this in all respects as in
the study by Prasad et al. [13]. The map reveals that
flow instability of as-cast specimen will occur in the
temperature range 650-9007C at strain rates higher
than about 0.01s" since £(€) < 0. The microstruc-
ture of the as-cast specimen deformed at 650 C and
10s™ is shown in Fig. 2(a), which exhibits the local
shear oriented with respect to the compression axis.
And the instability map of the as-cast specimen shows
this domain is in the instable range. At the tempera-
ture range 650-900°C and strain rates over 0.01s™ the
instability regime of the forged specimen is predicted.
The microstructure of the forged specimen deformed
at 650°C and 10s” is shown in Fig. 2(b). And the
instability map of the forged specimen shows this
domain is in the stable range. Thus, the above micro-
structure observations validate the continuum instabil-
ity criterion.

4. Conclusions

The hot workability of as-cast and forged speci-
mens of Ti-8Ta-3Nb is evaluated by using the power
dissipation maps developed on the basis of the dy-
namic materials model. The flow stress of the forged
specimens showed higher than that of the as-cast
specimen over the temperatures and strain rates. The
maps of as-cast and forged specimens have some
similar contours. The maximum efficiency decreased
with increasing strains in both as-cast and forged
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specimens. The efficiency of the forged specimen
was higher than that of as-cast specimen over all the
ranges. The initial breakdown of the ingot increased
the efficiency of a hot working. The efficiency con-
tour of as-cast and forged specimen does not espe-
cially change with increased strain. The map reveals
that flow instability will mainly occur in the tempera-
ture range 650-900 C, at strain rates higher than about
0.01s” in both as-cast and forged specimens. The
microstructure observations validated the continuum
instability criterion.

References

[1] R. S. Sundar and D. H. Sastry, Y. V. R. K. Prasad,
Hot workability of as-cast Re3Al-2.5%Cr intermet-
allic alloy, Materials Science and Engineering
A347 (2003) 86-92.

[2] Y. V.R. K. Prasad and T. Seshacharyulu, Modeling
of hot deformation for microstructural control, /nt.
Mater. Rev. 43 (1998) 243.

[3] H. L. Gegel, J. C. Malas, S. M. Doraivelu and V. A.
Schende, Metals Handbook, ninth ed., ASM, Metals
Park, OH, (1987) 417.

[4] Y. V.R. K. Prasad, S. Sasidhara (Eds.), Hot Work-
ing Guide: A Compendium of Processing Maps,
ASM International, Materials Park, OH, (1997).

[5] Y. V. R. K. Prasad, Recent advances in the science
of mechanical processing, Indian J. Technol. 28
(1990) 435.

[6] Y. V. R. K. Prasad, T. Seshacharyulu, Processing
maps for hot working of titanium alloys, Materials
Science and Engineering A243 (1998) 82-88.

[7]1 H. Ziegler, in: 1. N. Sneddon, R. Hill (Eds.), Pro-
gress in Solid Mechanics, vol. 4, North Holland,
Amsterdam, (1963) 93-193.

[8] A. K. S. Kalyand Kumar, Criteria for predicting
metallurgical instabilities in processing, MSc (Eng)
Thesis, Indian Institute of Science, Bangalore, India,
(1987).

[9] Y. V.R.K. Prasad, Ind. J. Technol. 28 (1990) 435.

[10] Kyung Won Lee, Jae Sam Ban, Yeong Seon Yu
and Kyu Zong Cho, A Study on the Mechanical
Properties of Ti-8Ta-3Nb Alloy for Biomaterials,
KSME International Journal, Vol. 18, No. 12 (2004)
2204-2208.

[T1] N. K. Park, J. T. Yeom and Y. S. Na, Characteriza-
tion of deformation stability in hot forging of con-
ventional Ti-6Al-4V using processing maps, Jour-
nal of Materials Processing Technology 130-131
(2002) 540-545.

[12] Y. V. R. K. Prasad and K. P. Rao, Processing maps
and rate controlling mechanisms of hot deformation
of electrolytic tough pitch copper in the temperature
range 300-950C, Materials Science and Engineer-
ing A, Vol. 391 (2005) 141-150.

[13]1Y. V. R. K. Prasad, S. Sasidhara and V. K. Sikka,
Characterization of mechanisms of hot deformation
of as-cast nickel aluminide alloy, Intermetallics 8
(2000) 987-995.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /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
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /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 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /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 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /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)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


