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ABSTRACT

In this study hot compression testshaeen performed on Gleebldermo mechanical Simulator (TMS) on a
commercial medium carbon forging steel (AISI 1035). The influence of process parameters viz. deformation
temperature, strain rate and cooling rate after hot deformation on the residuak dtigs been investigated.
Analysis of variance (ANOVA) is employed to determine significant parameters. Final microstructures and
hardness of the deformed samples have been also evalliatedesults indicated that the cooling rate has a

remarkable effeabn the microstructure and other properties at room temperature.

Keywords : hot compression test, theranoechanical simulator, taguchi method, ANOVA

INTRODUCTION

Medium carbon steglare being widely usetbr many general purpose parts including
connecting rods, automotive crankshaft, rams, spindles, fBtcOptimization of hot
compressiomprocess depends upon many variable but the vital parameters which can have
major influence are strain rateemperaturecooling rate with resped¢b material properss.
Temperature plays vital role in achieving better flstwess in order to decrease the load with
increasing didife. Apart from temperatar strain rate also plays majale in selection ohot
compressiomrocess if high strain rate can achieve bettechanical properties by producing
finer grain size components which in return in prove the durability and fatigue life of
component then strain should also be considered, in todechieve a valid relationship
between strain rate and deformation terapge.The cooling rate after finishing deformation
stage has aignificant effect on the mechanical properties. Higher coadlatgs lead to a
decrease of ferrite grain size and formatiomigh strength, hardness, dislocation density and

fine phaseswvhereas slow cooling rates lead to transformation into smwfrse, and less
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dislocated phases like polygonal ferffte Sincehot compressioprocess is complex one and

the parameters exhibit interdependency among themselves, selection of the optimal
paranetric combination for a particular application becomes difficult. Designs of experiment
(DOE) based approach is considered as preferred tool for the purpose. Taguchi method, being
an efficient and cost effective method for analyzing large number of grpegameters, is
extensively used in indu#s. In the presentvork hot compression of Medium Carbon AISI

1035 steel has been carried ousing thermemechanical simulator (GLEEBL-B500) to
analyse the eff# of forging temperature, strain rate and caplmateson residual stress.
Residual stress can be defined as the stvbgsh remains in a material in tladsence of any
external force®r thermal gradientdn other words residual stresses in a structural material
or component are those stresses wleglst in the object without the application of any
service or other external loade basic cause of residual stress is non uniform strains due to
some previously performed operatioResidual stresses can be sufficient to cause a metal
part to suddeml split into two or more pieces after it has been resting on a table or floor
without external load being applied. Residual stresses can result in visible distortion of a

component

EXPERIMENTAL PROCEDURE

The objective of presendtudy involves the study of effect of hot compression process
parameters on residuatresswhich affectsthe product quality To achieve this Taguchi
experimental method is utilized to design freameter combinations so as to identify the
relative influence of each parameter tre studiedresponse. Furthermore, a statistical
analysis of variance (ANOVA) is performed to find significant factoFsnally, a
confirmation experiment is conducted to verify the optimal process parameters obtaimed
the process parameter desihe Taguchi approach enables a comprehensive understanding
of the individualand combined effects of various design parameters to be obtained from a
minimum number ofexperimenthtrials®. The aim of the Taguchi design method is to
establish the parameteetsngs which render the product quality robust to unavoidable
variations in external noise. It had besxtensively used in the engineering design and the
analysis of optimal manufacture. The mimsportant stage in this method lies in the selection
of control factors. The purpose of this researctoisletermine the effects caused byyiag

the process parameters temperatsteain rate and cooling rate on residstiess. These

parameters each titree levels are considered for the present study agsimoTablel. The
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total degree of freedom (DOF) for thrdactors each at three levels is Bherefore L9
orthogonal array is selected for experimental design and is sinolable 2

The material used in this study is tb@mmercial grade aihedium carbo steelAISI 1035.

The chemicacomposition of aseceived materials given in Table3. All simulations were
done usingcylindrical compression testing specimen geometry, 10 mm (0.394 in) diameter
by 15 mm (0.591 in) long given iRig. 1. Both opposite staces of the specimen were
parallel to ensure uniform deformation during testing.

Table 1: Factors and their levels

Factors Level
1 2 3
Temperature (T) 90dC 1000C 1100C
Strain rate (§) 0.2s' 2s! 20 s
Cooling Rate (®) 0.5°Cls 1°Cls Water aienching

Table 2 L9 Orthogonal array

Exp. No. T (°C) Sk (sh Cr (°C)
1 1 1 1
2 1 2 2
3 1 3 3
4 2 1 2
5 2 2 3
6 2 3 1
7 3 1 3
8 3 2 1
9 3 3 2

Table 3 Chemical Composition of Experimental AISI 1035 steel (wt.%)

AlSI C Mn Si S P
1035| 0.30.4 | 0.50.8 0.150.35 0.020.03 0.035

L:15mm

D: 10 mm

Fig.1. Sample prepared; D= 10 & H= 15 mm
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The first step in preparation of sample for testing is welding of thermocouple. All specimens
had a 0.254 mn(0.010 in) diameter type K control thermocouple spot welded osutiace

at the centre of the specimérhermocouple wire was PFA (a fluorocarbon polymer) coated
to prevent shorting between the wires away fromsgpecimen. After which specimens are
fixed between the anvils exactly at the centre without any deviaticm thatdeformation

axis is straight and doesndét resalt in forma

Specimen

Control Thermocouple
ISO-T Anvil

-
TDiffusion Barrier
Lubricant (Graphite)

Fig.2: Schematic arrangement of the assembled T$® compression fixture

The fixtures contain anvil at the centre which are of tungsten carbi@g, (Wese anvil are
degradable andsually does not last for high repetition of cycles. The specimens are hold
together by the anvils with graphite foil between with nickebased antseize compound
grease applied in order to prevent the diffusion ab@a fromgraphite foil on to specimen at

high temperatures. Graphite foils are used for temperatures beloRCltd@re incase of
temperature greater then these tantalum foils are used which act as lubricant between anvils
and specimenThe experiments @re performed with standard experimental procedures on a
thermemechanical simulatofGleeble3500) to give a different strain rate. The specimens
were deformed to 66 % and the fleivess data were recorded. All the tests were carried out
under isothermatonditions.Gleeble systems incorporate a clo$eap thermal system and a
closedloop hydraulic servo system undgynchronous digital computer control, providing

the performance that is needed to perform accurate testinghgsital simulations. Heatn

rates of 10,00C per second, stroke rates exceeding 1,000 mm per second andI&g,@d0
tension and compression force are available on a standard Gleeble 3500. Gleeble systems are
unique in thathey are the only systems capable of maintaining uniftemperature cross

sections- isothermal planes at themidspan of the specimen, even while heating or cooling
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rapidly. Because of these isothermal planes, matesalarchers can be confident that results

will accurately reflect the material being &gt regardless of specimen size.
RESIDUAL STRESS ANALYSIS

Residual stress analysis was carriedi@ho mechanical simulation samples and as well as
raw material in order to check the presence of residual stress before and after simulation
processlt was carried out residual stress analyser bya¥ Diffraction Method of rangePsi
Oscillations- 0 to +8° Psi tilt + 56° geometrgs shown in Fig. .3 The measurement of
residual stress by-Xay diffraction (XRD) relies on the fundamental interactions betwthe

wave front of the X ay beam, and the crystal l attice.
measurements. For the followingedium carborsteel Chromium@r K -U) X-ray anode tube
was used with specified Brag angle 156 ° and (h-@I)L 1) plane. Théocations considece

for stress measurement ientre of the specimen in direction the deformation which is

longitudinal direction

Fig. 3. Performing Residual Stress Analysis of AISI 1035 steel raw material

RESULTS AND ANALYSIS

After conducting all thesimulations, theesidualstress has been noted for further analysis
and optimization. Based on the experimental layout depicted in Table 3, the regsihsa!
stress has been measur&esidualstress is measured in Mega pascal (M&)well as
hardnes (HRC) of the deformed samples is depicted in Table 4

Table 4 Simulation results of Residual Stress (MPa)

Exp.No. | F.T.| S.R.| C.R. Residual S/N Hardness

stress (MPa) ratios (HRC)
52.53 -34.4081| 158
67.73 -36.6156| 155
70.08 -36.9119| 159
88.55 -38.9438| 175
103.52 -40.3005| 158
81.51 -38.2242| 176

OO IWIN|
NININFRF|F-
WIN|FPWIN|F-
RIWINWIN|F
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7 3 1 3 147.59 -43.3811 149
8 3 2 1 75.26 -37.5313| 147
9 3 3 2 129.98 -42.2775 151
In Taguchi method, the basic method converts the objective parametagnabto-noise

(S/N) ratio treated as the quality characteristics evaluation index. The least variation and the
optimal design are obtained by means of the S/N ratio. The higher the S/N ratio, the more
stable theachievable quality. Usually, there aredlircategories of quality characteristic in

the analysis of th&/N ratio, i.e., thdower-the-better, the highethe-better, and th@ominat
the-better characteristicsDie stress in this study is the quality characteristic with the
obj ecti vetheb@tt i e r IBMNwatxis ddfitee by,

n; = _iﬂgiu(:ﬂ E:nziﬁ (1)

Wh e r jas,S/Ndatio for the'f alternative, n is number of replications; ig observd
response value of'ialternative ' replication.

Fig. 4 shows the S/N ratio plot foesidualstress. The optimum parameters combination
for residualstress isT= 90C, S.R= 2s* and C.R. = 0.5°C corresponding to the largest

values of S/N ratio for atontrol parameters.

T. iR

\ _ —
-30.6
-40.8 1

2
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-372 4
-3B4
-306 \\'

-40.8
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-
=
it

Mean of ¥ N ratios
-

1 2 3

Fig. 4. S/N ratio response graph for residual stress

Relative influence of each factor is determined by analysis of variance method (ANOVA)
andresults are presented in Tablé5value is the statistic used to test the hypathemt all

the factor level means are equal. It is calculated as the mean square for the factor divided by
the mean squares for error. F is used to determine the % contribMi@VA depicts that
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the process grameter namely Temperatuend cooling rate are the most significant
parameters affecting the Forging load under 95% confidence Mi@bstructural analysis
indicates that thenicrostructurs of of slowcooled specimens are mairdgmposed of finer
ferrite and pearliteas well as mall quantity d widmanstaten ferrite. \Ater quenching leads
to aformation of relatively fine ferrite and pearlias shown in Fig. 5.

Table 5 ANOVA Table for residual stress

Factor DOF SS Variance F-value % Contribution
Temperature| 2 39.589 19.795 9.41 62.57
Strain ate 2 1.610 - -
Cooling rate 2 19.473 9.737 4.63 30.78
Error 2 4,205 2.103
Total 8 63.267

*pooled, DOF Degree of freedom, SSum of square

(© (d)
Fig. 5: Microstructures of AISI 1035 steel under conditions of (alRAseived (b) 90C,
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0.28%, 0.5C (c) 904C, 0.25', 1°C and (d) 90éc, 0.2S", water quenched
CONFIRMATION TEST

The optimum parameter level for die stress on the basis of main pldestillustrated in
Fig. 3 areT= 900°C, &= 2s' and G = 0.5°C/s. The confirmation test at the optimal
parameter setting isonducted to evaluate the valuere$idualstress. The value oésidual
stress obtained from the confirmation experimer83s83MPa, which is minimum from all

the values as oelperameted by Taguchi 0s

CONCLUSION

The research involved analyziniget effects of parameters viemperaturgstrain rateand
cooling ratefor the responseesidual stress duringhot compression proces§herme
mechanical simulator (GLEEBLB500 along with Taguchi method has been used to
simulate thenhot compressioproaess and then performing a series of optimization iterations

in order to obtairthe optimum level of process parameters. Analysis of variance (ANOVA) is
employed to determingignificant parameter§ emperature and cooling rate observed as the
most signifi@ant parameters affecting the response. Optimization of the process parameters
leading to a lower residual stress and it is also verified through a confirmation experiment for

the validation of the results.
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ABSTRACT

During the plastic dirmation of Ti-6Al-4V alloy, adiabatic heating leads to increase in temperature of the
work piece which contributes to flow softening. This temperature rise can be studied during the hot compression
tests. Moreover, this rise in the temperature can bignastd theoretically or it can be predicted using FEM
softwareds. Constant strain rate hot c o mpleclasi@li on t es
Simulator with cylindrical specimens of-BAl-4V material in the temperature range of 700 -°C000 °C and

strain rate range of 1'5- 100 $' up to a true strain of 0.7. Experimental results show that the flow stress of Ti
6Al-4V alloy decreases with the increase in temperature and decrease in strain rate. During test, adiabatic
temperature rise wameasured using therrmmouple. The temperature rise was also estimated theoretically by
using the amount of work done from the uncorrected sttas curve. The estimated and experimental
temperature rise has been compared for various test temperancestrain rates. This temperature rise is
significant at lower temperatures and higher strain rates. In present work, maximum temperature rise is
observed to be 103 °C at strain rate of 50asd test temperature of 700 °C. The flow stisain curvesvere
corrected for temperature rise. Simulation was also performed in DEFORM 3D FEA software for prediction of
temperature rise for various strain rates and temperatures which shows good agreement with experimental

values.

Keywords : adiabatic heatingGleeble 3500, F6AI-4V, flow stress, DEFORM

INTRODUCTION

Titanium ASTM Grade V(Ti-6Al-4V) is an #Jb alloy which is heat treatable to achieve
moderate increase in strength. This aiwidelyused in aircraft turbine engine components,
aircraft strutural components, aerospace fastendéligh-performance automotive parts,

marine industries medical devices and sports equipmene to its properties likdigh
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strengthto-weight ratio, good corrosion resistance, high thermal stability and better
mechantal properties at high working temperattr@. Titanium alloys are more challenging

to forge than most steshnd aluminum alloys due to the required process cdftfolControl

of the forging temperature is essential to achieve good formabilityt@rgroduce the
microstructure required to achiegpecifiedmechanical properties in service. Temperature
controls shouldhot only belimited to the furnace set point but massoaccount for adiabatic

heating, die chill and heat loss to the environnffefit

During high strain rate deformation, plastic work is transformed into heat. Due to low thermal
conductivity of Tt6Al-4V alloy, there is no significant heat exchange with environment, thus
increasing its temperature. This increase in temperasure ¢ al | ed 6éadi abatic
softening behavior observed during plastic deformation may be attributed to adiabatic heating
and microstructure evolutidh®. Adiabatic heatingnot only raises the temperaturetioé test

piece butalso increases ¢hproportion othesoftb p H“a I test piece temperature goes
beyond b transus temperature, this may cause
Moreover, cooling from this b phase results
to be refined by subseqnt processind/Vhen the hot deformation is carried out near or above

b transus temperature, the flow strésscomesalmost constant, suggesting that dynamic
recovery anddynamic recrystallization (DRX) occufé. At high temperatuie andstrain

rates, termal softeningeraseghe stabilizing effect of work hardening acan cause material
instability. Increase in the proportion of soft beta phase during deformiasiseffect onthe

material flow.

Several studies have beearriedout to model the deforation during forging at different
temperatureand strain rate Some of theenergy of plastic deformation is dissipated as heat
and the remaining is stored in the material as strain energy due to dislocations, dislocation
interactions and residual straicgused by incompatible slip inagns of different orientations

23 |n mechanics, interest in the dissipation of energy is due to the heating it produces during
rapid deformations such as shear banding and dynamic crack gidvetlobgctive of the
present work is @ investigate precise temperature rise due to adiabatic hehyjing
experimental work, theoretical analysis and simulation. The said simulation results are

validated with the help of experimental results.
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EXPERIMENTAL PROCEDURE

Ti-6Al-4V alloy was procured from TIMET, UK, in the form of 60 mm diametdled bars

in mill annealed conditionThe composition in wt %s given in Table 1. For compression
test, glindrical specimenf 10 mm diameter and5 mm height were prepared along the
rolling direction of the aseceived bar according to the ASTM E209 standardmall hole

of 0.8 mm diameter and 5 mm depth was drilled at mid height of the specimens for
embedding a thermocouple used for the measuremexttwdltemperature of the specimens

as shown in Fig. 1aThe temperature of the specimens was monitored using a chromel
alumel thermocouple. A Gleeble 3500C thermo mechanical simulator was employed to
perform hot compression tests under conssémain rates, ranging from I*$o 100 s with

an interval of an order of magnitude andhetemperaturgangeof 700°C to 1000°C with

an interval of 50 °CThespecimensvere heated to the deformation temperature at a rate of 5
°C / sec, held fod20 sec anthencompressed faa true strain of 0.693 under constant strain
rates(Fig. 1b).The adiabatic temperature rise during deformation was recorded. After testing,
the samples were water quenchkdll's reagentwas used foetchng andmicrostrictural
analysiswas carried out with aaptical microscop@f Carl Zeissmake The results obtained

from the experimental work was further analysed which is explained in the next section.

Table 1 Chemical Composition

Element Sn Mo Zr Cu Fe Mn \Y/ Si Al C N

Wt (%) <0.04 | <0.04 | <0.04| <0.04 | 0.15| <0.04 | 4.07| <0.04 | 6.53| 0 | 0.004

//\\(—a i £=0.7
700°C
&J Compression 7502C
Hold 120sec | 4¢ s¢rain rate- 800°C

1,10,50, 850°C
5 / 100 571 L
= 950°C
A 1Xa5° =
[/Too a1 f 5 1000°C
g 50C/sec
< = o
o
1 T > 15 Water quench
@ Time <= 2 sec

- ® Time

Fig.1: a) Test sample b) Experimental procedure
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RESULTS AND DISCUSSION
Microstructural observations

The microstructure of as received material shows equidxed h a s eerage igraimsize of
15.33 Om and b phase at grain boundaries

temperature of selected alloy is 99600°C.
HARR TR P
T " a

Transformed

Equi ax b phas

grains

Fig.2: Optical micrograph of as received material (100X)

Stress strain behaviour

By using sandard procedurgshe true stres§srue strain curvesvere obtained from load
stroke data after compression testifigirue stressstrain curvesbtained are shown in Fig.3
to Fig6. Theflow curves can be broadly classified into three categories

1. In the temperature range of 700 f€900 °G for strain rates lower than 53,gontinuous
flow softening after a peak stress was observed (F&). &or temperatures 950°C and
1000°C, flat stregstrain curves were observed (FigtBwhich indicates the steady state
flow behaviour.

2. At strain ratef 50 ' and 100 ¢, for all temperatures of testing, broad oscillatiorese
observedand it pproachego steady statat higher straingFig. 56). There are different
mechanisms whicimay cause these oscillations liklynamic recrystallization, dynamic

aging, flow localization or unstable flo.

The flow softening isausedue to adiabatic heatin@ue to adiabatic heating, the resulting
flow stress will be lower than the actuddwi stress for the desired test temperature. Thus,

determination of temperature rise becomes important.
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Fig.3: True stresdrue strain curve Fig.4: True stresdrue strain curves at
at various tempmturesandat 1s ™. various temperatures and at 10's
600- strainrate 50S™ 7001 strain rate- 100 s™
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s001 I
/ 750 /m\
~ 400 1
g / - 800 %
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?300 ;i"y — 850 g
= f 900 N
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Strain Strain
Fig.5: True stresgrue strain curve at Fig.6: True stresgrue strain curves at
various temperatures and at S0". various temperatures and at 100's

Temperature rise (gp T Jlue to adiabatic heating in compression
Experimental determination

During compression, the actual temperatwas measured through thermocouple. Temperature

at the core of the sample is plotted against time for each temperature and strain rate
combination. The same for 700 °C and 1 is shown in Fig. 7. Peak in graph shows
temperature rise due to adiabateating during deformation. Considerable temperature rise (60

°C) was observedl e mper at ure ri se (oT) has been det e
rate range. The same is presented in Fig. 8. Significant adiabatic heating is observed at lower

temperatures and higher strain rates.
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Fig.7: Core mperature of sampléQ) deformed at 706C and at 1 &.
For a given strain rat e, T decreases wit
temperatur e, T increases with increase in

100 s'and temperature below 850 °C, the temperarise was observed to be less than that at
strain rate of 505 This may be due to error in thermocouple readiNgsimumtemperature
rise because of adiabatic heating was observed to be 103°C for strain raté eh80sst
temperature of 700 °C.

Strain rate (9
—a— ]
—e— 10
—v— 100

1104
1004
904
80+
704
60+
504
404
304
20+
104

DT (°C)

T T T T T T T
700 750 800 850 900 950 1000
Test temperature C’)

Fig.8: T at various test temperatures
Theoretical calculations
Adiabatic heat rise can be calculated by using the eq. (1),

®T 12/, 0)ds (1)

oCr

GUWIF2015 14



He r e- dengity in kg/ Mt Cp - Heat capacityl/kg K, d - adiabatic correction factor- b
Fraction of heat dissipation caused by the plastic deformaﬂ”ijfm(sj ds 1 amount of work

(calculated from area under the uncorrected st&ascurve).

The adiabatic cor r e drdctiomof adiatztic theatse refainedindhec at e s
sample after heat los$his can be calculated by using eq. (2). This correction factesed

to get the accuratemperature risat different strain rate conditiof’.

q Sema 2)

&L adiakatc
He r e auwa-qoifference in set and actual temperature considering actual condition where
heat | oss t 0o envV g N wifference ia sed tentpberause. and achill
measured considering no heat loss to environment andlthese are many arguments on the
conversion of plastic work to heat during high strain rafmnation. Taylor and Quinney
measured the fractioof heat conversion and found that it is of the order of 0.9 wvaftper
specimens”). Most researchers still use 0.9, e.g., S.Brusehil. and Q.Baiet al. have
taken hot compression tests oR6AI-4V material and for calculating tempéure risep  wa s
taken as ®5 and 0.9respectively®?. I n present study b is cons
as09.Di fferent methods || i ke Si n@Ibl eoftviaecarbel e, t 1
usedto calculatearea under curve. In present work thesdu®swere generated from
ORIGIN 8.0 softwareThe specific heat values were taken from literature and the same is
given in Table 223 q was assumed to be 0.9, 0.97, 0.
s', 10 ', 50s and 100 grespedwely based on literaturds 24 4.

Table 2: Specific heat for different temperatured®* *

Temperature®C ) 700 750 800 850 900 950 | 1000

Specific Heat C (J/KgK) | 822 865 910 921 930 940 950

The temperature risgs a function of strain ratey experimentaind theortcal methods are

compared and the same for 1, 10, 50 and 108t 900 °C is shown ini§. 9. At lower

strain rate theghowgood agreement but at higher strain rate theoretical temperataris

less than experimental an®©ne of the reasons for this variation may be due to the
assumptions made in constants. @T deter mined
eq. (2), is presented in Fig.10. In present work an attempt has been made to compare actual

and theoretial temperature rise and to minimise experimental thermocouple error through
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t heoretical anal ysi s. | n ¢ o mlaa trendswasnobservet h

in the graphs. ¥perimental erromt high strain rates has been taken aafteby theaetical

analysis
= Experiment
a) 2 1 e | [P ) s00C /103
900C/1s —— Therotical
40
20
— 30
8 —
- 8]
20
510 =
[a]
10
0 T T T T T T ) 0 T T T T T )
00 01 02 03 04 05 06 0.7 00 01 02 03 04 05 06
Strain Strain
c 1 |— Experiment d) . —— Experimert]
) 50, 900°C / 508 e 80 900C/1008 | Theroiical
40 70
60
.30 ) ’\50
5 Sao
i 20 5 30
10 20
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00 01 02 03 04 05 06 07 00 01 02 03 04 05 06
. Strain
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Fig.9. Rse in temperature with strain at 9 and strain rate a) 1'5b) 10s' ¢) 508" d) 1008

Strain rate (s™)

110 - —m— 1
100] W —e— 10
1 —a— 50
90 ] —w— 100,
O 80 \
o 604 ™
5 |
& 50
5 ]
o 404
= B
L 30
20 R
_ e
10+ L
o T T T T T T T
700 750 800 850 900 950 1000

set temperature C

Fig.10: Temperature rise at different test temperatures and strain fabepretical results.

Flow stress daa correction for adiabatic heating

Stress strain graph is corrected for adiabatic heating based on the plot of stress V§+(1/T)
121 An almost linearelation can be observed between the two parametersl Fahows the
same plot for strain rate afs. The change in flow stress value is determined by eq. (3).
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Here,[a,i‘fn] - slope of plotstress vs (1/T)T - Temperature rise due to adiabatic
(1 Az, &

heating (°K), T;., - Test Temperature (°K).
Flow stress corrected for adiabatic heat rise is shown in Table 3 for various strains. The
stress strain graph is corrected for both actual and theoretical temperature rise for various

temperatures and strain rates. Fig @) aowscorrected stressstrain graphdr 700°C.
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Fig.11: Plot ofstress v/s (1/T) at I's
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Fig. 12: True stresstrue strain curves corrected for adiabatic heating at 0
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Table 3 Flow stress corrected for adiabatic heat rise

Flow stress values (MPa) at different temperature and strain rates for various strains
(Corrected for adiabatic heat rise)

Sr. no. Strain Strain rates’ TemperatureOC )

700 750 800 850 900 | 950 1000
. N Lo 452 384 208 | 240 | 147 86 | 61
2 g 10 525 | 482 | 371} 330 | 249 | 128 | 104 |
3 I 50 i 567 | 494 | 401 | 344 | 249 | 131 | 126 |
ST N 100 i1 699 . 545 | 502 | 417 | 389 | 179 | 147 _
5 S 1o 495 | 381 | 318 | 245 | 149 | 103 | 68 |
I PO 10 L 561 501 | 377 | 335 | 248 | 138 115
T e 50 i 633 | 556 | 457 | 389 | 273 | 143 | 130 |
B I _— 00 784} 569 | 517 | 427 | 330 | 167 | 140
9 e 1 511 | 369 | 321 | 240 | 148 | 105 | 71 |
A0 e i 0 i 580 | 502 | 371 333 | 244 | 146 | 121
BT N 50 i1 654 | 554 | 451 : 397 | 286 | 160 | 137 |
a2 I 100 808 | 563 | 492 | 398 | 311} 192 | 168 |
13 e Lo 512 | 356 | 314 | 232 | 145 99 | 70|
U O B 0 i 584 | 495 | 362 | 334 | 243 | 154 | 122 |
15 o 50 656 | 564 | 453 | 389 | 201 | 163 | 133
BT e 100 | 793 | 530 | 484 | 425 | 339 | 196 | 165 |
a7 I Lo 503 | 449 | 209 | 220 | 137 96 | 70
18 e b 0 i 576 | 475 | 347 | 327 | 240 | 153 | 123
19 —_— 50 i 649 | 565 | 451 | 375 | 283 | 169 | 135
20 100 i 755 | 535 | 465 | 402 | 313 | 180 | 151 |
TN N Lo 491 | 409 | 276 | 210 | 130 | 94 | 69
22 s 10 i 559 | 466 | 338 | 317 | 103 | 112 82
< T 50 i 622 | 551 | 434 | 360 | 267 | 167 130
24 100 702 507 420 381 314 182 151
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FEM Simulation of compression test

The hot compression test wasnulated with commercial FEA softwa(®EFORM 30™)

using a Lagrangma implicit code for Ti6Al-4V alloy. For simulation, the workpiece
parameters considered are given in TableTHe convectionheat transfercoefficient to
environment emmi si vity and Poi®02obd/sesmmCr®.74and wer e
0.31, respectely. Flow stresses at various temperatures and strain rates are considered for
simulation.For each test temperature and strain rate, simulation has been doreelateco

with actual temperature rise. Temperature profile section view is shown in Figr 2G0°PC

and at the strain rate 18.3he actual and experimental results are compareg@sentedn

Table 5. The simulation results are in good agreement with experimental \@flues

temperature rise withifs 10 °Cerror.

Table 4. Work piece parametes

Specification Values

Geometry of workpiece Dia = 10 mm, Height=15 mm
Meshing type Tetrahedral mesh

Workpiece mesh size Elements=27801, Nodes=6240

DIE STROKE 7.5 mm

Temperature {C)
944

933

922 -

Point Tracking
Temﬁ%rature (C)

937 | : : e A 3 :
fossssnalonaa e g e : 911

o [l e
@18 b Lo~ L ~7(0.0708,823) ]
; : 900

909 908 Min
944 Man

900

i
0.0595 0.0743 /‘\
Y

i i 1
0.000 0.0149 0.0297 0.0446

Fig.13: Compression at 900° &hd strain rate 10°$
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