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Abstract

In situ X-ray diffraction experiments using synchrotron radiation were performed on Ti—6Al-4V samples to directly observe fhe
phase transformation during heating. These experiments were conducted at the Advanced Photon Source (APS) using a 30 keV synchrotr
X-ray beam to monitor changes in thendp phases as a function of heating time under different heating rates. The results were compared to
computational thermodynamic predictions of the phase fractions versus temperature, providing information about the kinetics @ the
transformation in Ti—-6Al-4V. The measured transformation rates were shown to be consistent with a diffusion-controlled growth mechanism,
whereby diffusion of V in the3-Ti phase controls the rate. Based on the X-ray diffraction data, real time measurementsxairnt@
phase lattice parameters were made. Dramatic differences were observed in the changes of the lattice parameters of the two phases during
transformation. These changes are believed to be due to the partitioning of V and its strong effect on the lattice paramgtehas¢hédn
unexpected contraction of the lattice parameter oftiphase was further observed during heating in the temperature range between 500 and
600°C. The origin of this contraction is most likely related to the annealing of residual stresses created by the different thermal expansion
behaviors of the two phases.
Published by Elsevier B.V.
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1. Introduction microstructural evolution can be better understood and miti-
gated.
Ti—6Al-4V is a titanium alloy with a two phase mi- In order to develop a better understanding of microstruc-

crostructure that is thermomechanically processed to create aural evolution during welding, in situ X-ray diffraction ob-
desired amount of theandp phases with a fine grain size for  servations of the phase transformations in Ti-6Al-4V were
optimum mechanical properties. Microstructural characteris- recently performe{B,4]. These experiments were conducted
tics such as grain sizg,content, ang distribution influence ~ on both moving welds, where quasi-steady state heat flow
its mechanical properties, which are highly dependant on the conditions produced relatively low heating rates, and on spot
thermo-mechanical processing conditigh®]. Thermal cy- welds where the heating and cooling rates were rapid. In the
cles typical of welding and heat treating will significantly al- moving weld experimenti8], the effect of welding parame-
ter this carefully-prepared microstructure. Prediction of the ters on thex — B transformation were investigated, showing
effects of these thermal cycles on the microstructure is im- the kinetics of this transformation at low heating rates and
portant in order to tailor a desired microstructure. In addition, the extent of thg phase field that forms in the heat affected
the effects of less well-controlled welding processes on the zone of the weld. In the spot weld experimeldfs thea — B
transformation kinetics were investigated and modeled by a
* Corresponding author. Tel.: +1 925 422 6543; fax: +1 925 423 7040. Johnson—Mehl-Avrami approach, to produce a set of kinetic
E-mail addresselmer1@Iinl.gov (J.W. Elmer). parameters for the prediction of the—> B phase transforma-
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tion at high heating rates. In addition, the-  transforma- 2. Experimental procedures
tion on cooling was investigated at different weld locations,

showing the effects of the weld location on the formation of 2.1. Materials

a anda’ martensite on cooling.

In the previous experiments, the temperature cycle
produced by the welding arc was not well-controlled,
and temperatures were not directly measured. To extract
useful kinetic information from these data, the temperatures
experienced during the weld heating and cooling cycles were
calculated using a coupled thermal-fluids numerical code.
This code enabled the temperatures in the weld heat affecte e , ; o
and fusion zones to be calgulated, and was accurate enoug odified K.roII s'solutlon cont{:unlng SmLHF, 1.0 ml,‘ HNOD
to determine heating rates, cooling rates and approximate OmL lactic acid for approximately 30s. This microstruc-

temperatures where phase transformations were observetltiurle contagihapr?_r o;:;lmatlely 1f;ﬁﬂ>d|st_r|butTehd mtergramfj-
to initiate. However, some of the finer details of ihe> arly around the sligntly elongatedgrains. Thex grains o

phase transformation were not able to be measured Withthe starting material have an aspect ratio of approximately

confidence due to the uncontrolled weld thermal cycle and éi:rlr;evxgihoﬁn average grain size of u across their small

some uncertainties about the actual temperature of the weld. L . .
P The phase equilibria in Ti-6Al-4V are illustrated in the

Because of these uncertainties, a new set of experiments . . .
was performed to more closely observe the> @ phase pseudobinary phase diagram showikig. 2 These calcula-

transformation under more controlled conditions. gonsgvere p;rfo_rtrred du;mgggegmfct:d%[d] W'tgthe legata dith
In the current experiments, synchrotron-based X-ray ata base (distributed by oftware), and considered the

diffraction was again used to directly observe the phase trans-mﬂu,ence of Ti, V, Al, '.:.e and O on phase equnl'brla'at the
formations during heating in Ti-6Al—4V, but this time using a ”_0”“”‘?" ?”Oy composition. '_I'he vertical dotted I_me n th's.
different experimental setup whereby the samples are heatec]'gure indicates the compasition of the alloy being invest-

and cooled at controlled rates. These experiments comple-gated’ and shows that the amouniodvill increase during

ment the previous in situ welding experiments, and take a heating, completely transforming b at a temperature of

closer look at the lattice parameters and expansion rates 019560(:' Above this temperaturg, is stable up to the solidus
thea andp phases during the phase transformation on heat- t_em_perature of 1693, and comple_te melting occurs at the
ing. The results of these experiments provide details aboutthe“qu'dus tempera_ture of 170L. This calculated transus
individual contributions of each phase to the kinetics of the temperature is slightly lower than one (975) based on ex-

a — B transformation, and show how the lattice expansion of perimental measurements for nomlnally.th_e same iy
thep phase is strongly affected by the combination of thermal Eveq though EAl IS pr'edlcted in the equilibrium t_hermody- .
and chemical effects during the— B phase transformation. namic calculations, this phase was not observed in the starting
These results will aid in the development and verification microstructure.

of numerical weld models for the prediction of Ti-6Al-4V hM|crochemd|cztaI cqm%osn_lons .Of the bstarhn;g "’}”dTE] dat
microstructures during both welding and heat treating appli- phases were determined using microprobe analysis. The data

A Ti—6Al-4V ELI (extra low interstitials) alloy was ob-
tained in 100 mm diameter bar stock that had been mill an-
nealed at 708C for 2 h then air cooled to room temperature.
Chemical analysis showed that the alloy contained 6.0Al,
4.2V,0.110,0.17Fe, 0.0028H, 0.014C, 0.009N, <0.03S;i, bal.
Ti, by wt%. Fig. 1 shows the microstructure of the starting
dnaterial that was polished and chemically etched using a

cations. _ .
In situ X-ray diffraction measurements of the phase trans- | A@é ,MM;’;;&A‘.L<:§ ‘i;f'
formations of Ti—-6Al-4V under isothermal conditions have i : o ! Lo "

been performed by other investigators as Vj®&J6]. Their
results, however, were limited by an extremely long acqui-

/" e “}Qg G %J_.Q"Q—:;é

o ! . . ST A
sition time per diffraction pattern, which ranged from 6 to i v "’ ~
17 min, and the ability to study only a single, slow heating 2 R Lo 0! . &g
rate (20 K/min). The phase transformation was almost fully | m:*i"" 7 T it

completed by the time the first diffraction pattern was ac- = * e Y’*""l' : 1\“ \ (ﬂr« v
quired[5]. Secondly, these experiments used X-rays of 8.0 —1)_,_‘3- ) R A‘.,-' o <%
and 8.9 keV. The X-ray absorption lengths for Ti—6Al-4Vat “?‘7- A ’dtl% &”\‘(v‘ o
these energies are 12 andidi®, respectively. Inanothercase | ¢ * = ‘}{":“- * = N ) ,-r'
[6], the researchers sampled a thin oxygen-rich surface layer, e OO S ey ';' g ‘&ik‘?‘:
rather than bulk behavior. Surface effects were exacerbated-—;_. A -x:“\--ﬂ\e‘;-. ., ..Y’ ¥
by the slow heating rates and data acquisition. This work P’ﬂ’f. ; "‘h—"ﬁﬁ‘ﬁ{ '\.il A e o
addresses these problems through rapid heating rates (up tq N s AT ﬁ\ 4
30K/s), rapid data acquisition (3 s per diffraction pattern), o ' -

and higher energy with more penetrating X-rays (30keV, Fig. 1. Microstructure of the mill annealed Ti~6Al-4V base metal mi-
528um absorption length). crostructure. The dark etching phas@is
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2000 5 Table 1
i Liquid Chemical composition of the and phases in the base metal as measured
by microprobe analysis
1500 Al \% Fe Ti
o 8 Nominal 6.2 40 0.17 925
@ composition
2 B Phase 2920.11 1543+0.86 1.32:0.11 80.70.70
g_ o Phase 6.730.33 142+0.73 0.04£0.02 91.2£0.47
§ Seven points were averaged into each composition and the oakie is
given as the estimated error. All values are in wt%.
: o+ B+ TiAl 2.2. In situ X-ray diffraction experiments
I [ T I I T \ \
0 2 4 6 8 10 12 14 16 . .
WL % V The X-ray diffraction measurements were performed on

the UNICAT beam line BM-33-C at APS using a 30 keV X-
Fig. 2. C_alculated pseudobin_ary phas_e equilibrium shqwing the inﬂgence ray beam from a ring current of 100 mA. This beam line was
?;;'rir;ae?]';Thzo: (t;::]gln ;gﬂoﬂg fs'i;'o‘:rase' The vertical dashed line oo\ with a water-cooled Si(1 1 1) monochromator, and the

beam was focused and sized to dimensions of 1 mm wide by

0.25 mm high using a dynamically bent Si crystal and colli-
were collected on a JEOL-8200 microprobe, operating at mator slits. The X-ray detector was manufactured by Roper
15KV and abeam current of 20 nA. Individual pointlocations Scientific (A99k401, RS/Photometrics). This CCD X-ray
were inspected using a beam diameter ph, and a “broad detector uses 2irx 2in. array of 1024 pixels 1024 pixels
beam” analysis was obtained by rasteringmh beam over spaced 60 microns apart to capture the diffraction patterns
100pm x 100um raster. X-ray intensities were calibrated produced on ascintillating screen connected tothe CCD array
using Ti, V, Al, Fe and Si@for oxygen, and corrected towt%  using a fiber optic bundle. The experimental setup is shown
using the ZAF corrections. The intensities were also run using in Fig. 3. Test coupons measuring 100 mm long by 4.75 mm
TiO2 and AbOj3 as standards and yielded result within error wide by 2 mm thick were machined from the Ti—6Al-4V
of those calibrated using Ti and Al. The results are shown bar in an orientation parallel to the extrusion direction. All
in Table 1and represent the average of seven measurementsurfaces are milled to a 62 micron rms finish in prepara-
made at different locations for each phase. It is clear from tion for the X-ray diffraction experiments. The coupons were
these results that V and Fe partition to {hehase, while clamped into a water-cooled copper fixture that allows high
Al partitions to thea phase. In addition to the microchemi- currents to be passed through them. Direct resistance heating
cal composition information, backscattered electron images of the coupon was used for rapid heating, while water-cooled
taken of the polished surface were used to show the initial grips allowed the sample to be rapidly cooled. The tempera-
area fraction of3 in the microstructure to be 12.1%. ture of the sample was monitored and recorded using type-S

SCX-1242E CCD
camera
1152 x 1242 pixels

:Z'-"' ‘Diffracted Beam

1 Sary/); h Power Source

{ |\ /“\\4—.
k \ \\‘:/ ’\/ !

Synchrotro Thermocouple
Beam N~ >————— Controller [+

Fig. 3. Schematic of the X-ray setup used for in situ observations of phase transformations under controlled heating and cooling conditions.
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(Pt/Pt—10%Rh) thermocouples, which are spot welded on the 0 5 100 150 200 250 300 350 400 450 500

back side of the sample directly below the X-ray impingement 500 500
point. A Eurotherm 818 temperature controller, a Eurotherm
425A power thyristor, and a Trindl RT300 transformer were
used to control the AC current passing through the sample 400 400
so that pre-programmed thermal cycles could be followed in
a controlled manner. The entire assembly is covered with a

450 450

350

canister in which high purity helium is introduced to mini- 300
mize oxidation of the sample during high temperature runs. ¢

The heating power supply is capable of producing 300A at & 250 230
6V and can heat the sample up to temperatures as high as 5y, 200

1400°C. Heating and cooling rates on the order of’Bs
are possible.

While the sample is being heated, the X-ray beam im-
pinges on the top surface of the sample at°aaBgle of
incidence. The 528m X-ray absorption length provides a
penetration depth of at least @8, which can become larger 5
at higher Bragg angles. The diffracted beams are collected 100 150 200 250 300 350 400 450 500
using a CCD detector that is placed 330 mm behind the sam- Columns
ple. The detector captures the X-ray data by integrating the
diffracted beams over a 1 s exposure. Another 2 s are required

150

) 200 ) 800 800 1000 1200
to clear the data from the CCD detector and transfer it to the (2) Intensity

computer. Thus, it is possible to capture a complete diffrac-
tion pattern approximately every 3 s. The detector read-out is

900

accelerated by a R 2 binning of the pixels. An advantage of 800 4 g

the 2D detector is that a larger number of grains satisfy the » 700 {

diffraction condition than do for a conventiorédR6 scan, so @

statistically valid diffraction data can be collected for more g 690

coarse-grained samples. One of the initial X-ray diffraction 5 5501 « &= = o . =
patterns of the Ti-6Al-4V base metal at room temperature & EE E < g =
is shown inFig. 4a. In this figure, the Debye arcs of the & 4007 i § = = -
diffracted beam are shown fordaspacing range from 1.2 to E 3904 % % &

2.7A.

To calibrate the X-ray detector, the room-temperature lat-
tice parameters of the base metal at room temperature were 100 L : ; . ; . ; r
first measured using a conventional Ca X-ray diffraction 12 14 14 18 20 22 24 28
system. A room-temperature pattern is then collected using d-Spacingi(7y
the CCD with synchrotron radl_atlon' Five points are SeleCte_d Fig. 4. Initial diffraction pattern of the Ti-6Al-4V sample at room temper-
along each of 3 Debye arcs. Finally, the sample-detector dis-ature. (a) Debye arcs as imaged on the CCD areal X-ray detector and (b)
tance, the position of the center of the arcs on the detector,shows this same data converted into an integrated intensity-ssacing
and the magnitude and orientation of the detector tilt are var- plot.
ied to minimize the difference between tespacing at the
selected points as calculated from these detector patterns an8WHM value, and integrated intensity of each peak were de-
that calculated from the lattice parameters. Using this cali- termined using an automated curve-fitting routine developed
bration, the Debye arcs are converted into a 1-D plot show- in Igor Prd®, Version 4.0. In this routine, a sum of one or more
ing diffracted beam intensity versdsspacing using Fit-2D  Gaussian peak profile fitting functions is applied to each peak
software[8,9]. This software integrates the diffracted beam and the values of these fitted peaks are then reported.
intensity for each arc over the entire 2-D areal array, creat- The amount of th@ phase was determined by first taking
ing the diffraction pattern shown iRig. 4b. Since this alloy  the ratio of the area of tHphase peaks to the total diffraction
contains approximately 88%-Ti at room temperature, the peak areaf/(« +B)). Due to differences in the diffraction

200 A

diffraction pattern is dominated by the hapTi diffraction conditions of the two phases this area fraction does not equal
peaks. In this diffraction pattern nilneTi peaks and tw@-Ti the truep fraction of the alloy. However, since the starting
peaks are present. amount ofB in the microstructure is known through metal-

The amounts oft andp phases present at each time in- lographic measurements (12.1vol%), a correction could be
crement were then calculated using an analysis of the peakanade to convert the X-ray diffraction peak area measure-
present in each diffraction pattefb0]. The lattice spacing, = ments into volume fractiof. This normalization factor was
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then applied to all of the X-ray diffraction patterns obtained
during heating cycle to determine the amoungafs a func-
tion of temperature. The fraction of was then determined
for each measurement by subtracting the measgridc-

tion from unity, since only these two phases are present in
the microstructure.

3. Results and discussion

3.1. Thex — B phase transformation during heating

Since equilibrium is rarely attained during welding or heat
treating of alloys, the microstructures that form can be con-
siderably different than those expected from the equilibrium
phase diagram, such as the one shovirign2for Ti-6Al-4V.
Therefore, it is generally not possible to predict microstruc-
tural evolution from the phase diagram without knowing
additional information about the kinetics of the phase
transformations taking place. Thermal cycling adds another
level of complexity in predicting microstructural evolution,
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Fig. 6. Calculated vanadium content of theand 3 phases as a function

of temperature, showing the strong partitioning of vanadiung tas the
temperature decreases. The dashed lines indicate the measured vanadium
content of thed phase in the starting microstructure, and its corresponding
equilibrium temperature.

since the microstructures that form during heating are subse-

quently altered by the transformations that take place during
cooling. Itis thus useful to be able to follow the sequence of
events that lead up to the final microstructure using in situ
experiments.

To better understand the evolution of microstructures dur-
ing heating, in situ X-ray diffraction techniques were used
to directly observe changes in the crystal structure of this
Ti—-6Al-4V alloy and to measure the relative amounts of the
o andp phases under controlled heating conditiofig). 5
shows the results from nine different samples heated at rate
of approximately 30C/s to peak temperatures between 600
and 1000 C. The amount of phase increased with increas-
ing peak temperature and each sample followed the sam
trend during the initial stages of heating. This trend is com-
pared to the thermodynamic predictions, which are repre-

1.0 1
® 1000 C peak ’I
O 950 C peak
0.8 ¥ 900 C peak II b
Vv 850C peak I' o
8 B 800 C peak H
| u] 750 C peak 1 Q
m 0.6 4 700 C peak ”
c <& 650 C peak 1
je] A 600G peak Y
IS 0.4 ——— Thermocalc prediction Il S
© /
S
L ;’ S
o
0.2 PA%
® o Am mowA Qm@o@@/v
0.0 — :
0 200 400 600 800 1000

Temperature (°C)

Fig. 5. TRXRD measured bcc phase fraction in the HAZ of the Ti—-6Al-4V
during continuous heating (symbols), and thermodynamic prediction
(dashed line).

S

sented by the dashed line on the plot. These predictions show
the equilibrium condition for this alloy.

Significant differences exist between the measured and
calculated amounts @ as a function of temperature. First,
the B content of the starting base metal is 12.1% instead of
about 4% predicted from equilibrium thermodynamics. This
difference occurs during manufacturing of the Ti—-6Al-4V
bar, which was mill annealed at 706 then rapidly cooled
toroomtemperature. Since the> B phase transformationis
controlled by diffusion, only a small fraction of tifeformed
at high temperatures will transform éoduring the rapid air
cooling of the initial Ti—-6Al-4V ingot[11], resulting in a

igher initial volume fraction3 at room temperature than
predicted by thermodynamics.

In addition to the different amount @fphase at room tem-
perature, its composition will be different than that predicted
by thermodynamics. For example, alower V content than that
predicted by equilibrium thermodynamics will be present in
the 3 phase of the sample, since the V would not be able to
completely diffuse during the initial cooling of the ingot. The
calculated amount of V in thg phase is shown as the solid
line in Fig. 6. This prediction is compared to the measured
value of V in3 at room temperature (dashed line). At low
temperatures, the calculated V content ofhghase should
be in excess of 50%4]. However, the V content measured in
the base metal is only 1540.86 wt% (13.6t 0.76 mol%),
which would correspond to an equilibrium V concentration
in this alloy at a temperature of approximately 780 This
temperature closely corresponds with the original mill an-
nealing temperature of this alloy, suggesting that very little
diffusion occurred during cooling. Furthermore, this temper-
ature should correspond to the temperature where the
transformation should occur during heating. The exact tem-
perature will depend on the heating rate.
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Another observation regarding the data present&ijns
is that complete transformationfonvas not observed at tifge
transus temperature. The possible reason for this is related to
two effects. One factor is that oxygen can react with titanium
and titanium alloys at elevated temperatures and stabilize the
a phas€g2]. Although the experiments were performed us-
ing an inert gas purge, some discoloration of the samples was
observed after removing them from the experimental appa-
ratus. Although no obvious oxide phases were observed in
the diffraction patterns, diffusion of oxygen into the titanium
likely occurred to some degree and could have contributed
to the presence ai at temperatures above the calculaged
transug12]. The observed fraction at 1000 C corresponds
to 0.4 wt% Q[6]. A second factor is that the effect of temper-
ature on the intensity of the diffracted beams was not taken
into accoun{13]. This effect may result in an underestima-
tion of the measured amount@fphase at high temperatures
[5], due to the fact tha® displays a larger lattice expansion
thana, as will be discussed in more detail later.

Metallographic sections were prepared from three of
the samples, heated to peak temperatures of 800, 900 and
1000°C. These microstructures are comparedrig. 7a—c,
showing the effects of increasing amounts of transforma-
tion on the microstructure as the peak temperature increases.
Fig. 7a shows the microstructure of the sample heated to a
peak temperature of 80C, where only a small fraction of
thea phase had transformedpoThe dark etching regions of
the microstructure correspond to regions where@hphase
was the most concentrated. These regions appear diffuse in
comparison to the base metal microstructure, indicating that
some transformation and diffusion has taken pl&dig. 7o
shows the microstructure of the sample heated to a peak tem-
perature of 900C, where approximately 15% of thephase
had transformed t8. In this micrograph, the dark etchirfy
phase regions of the base metal appear to be gone, indicating’
increased transformation and diffusion at this temperature.
The lightest etching regions in this micrograph correspond =
to thea phase that was untransformed at the peak tempera- £
ture.Fig. 7c shows the microstructure of the sample heated
to a peak temperature of 1000, where complete, or near
complete, transformation to th@ phase occurred prior to
cooling. This microstructure is significantly different that the
others and consists mostly of acicuwalThe aciculan phase
was created during cooling from the large graifiedtruc-
ture formed during heating and is characteristic of the mi-
crostructures that form during rapid cooling from fhphase
field. Fig. 7. Micrographs of the Ti-6Al-4V samples after heating to peak tem-

Fig. 5 also showed a significant difference between the peratures of (a) 800C, (b) 900°C and (c) 1000C. Note the decreased
measured and calculated amounts of gh@hase at each  magnification in (c).
temperature, indicating that the— 8 transformation re-
quires higher temperatures, approximately 60than those Itis clear from the above results that non-equilibrium con-
predicted by equilibrium thermodynamics for temperatures ditions are affecting thee — 3 transformation. Additional
above 800C. This amount of superheating is required to experiments were performed to determine the effects of heat-
reach a given amount @& phase in the microstructure, and ing rate on the transformation rate. In these experiments, two
is related to the kinetics of the— B transformation, which ~ samples were heated at an initial rate of Cls to 500°C.
requires a finite amount of time to occur. The heating rate on the first sample was then decreased to
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Fig. 8. Measure@ phase fraction plotted vs. temperature during heating for

three different heating rates. Fig. 9. Calculated diffusion distance of V in tiffephase at three different

heating rates.

The diffusion distance was then estimated by integrating

2°C/s, while the other sample continued heating atd® X(t) over the heating cycle of the weld, starting at the mill
to 1000°C. The experimentally measured amountg @fs a anneal temperature of 708€. Fig. 9 plots the results, show-
function of temperature from these samples were then com-ing how far V will diffuse as a function of temperature at
pared to the data taken at a constant heating rate G20 the three different heating rates. For each condition, the cal-

Fig. 8compares the amount gfmeasured in each of the  culated diffusion distance increases at an increasing rate as
three heating rate experiments as a function of temperature the temperature increases. These calculations show that the
Deviations from the calculated equilibrium values are ob- diffusion distance at 1000 is about Qum at 2°C/s, 4um
served as the heating rate is increased. These deviations arat 10°C/s and 2.3um at 30°C/s. Comparing these data to the
such that the samples heated at the lower rates show a highescale of the microstructure gives an indication of how much
B fraction than the samples heated at the higher rates. At atransformation can be expected to occur. The average grain
temperature of approximately 926, the measured fractions ~ size of the base metal was measured to beum&cross the
of transforme become equal for the samples heated at rates small dimension of the grains, and since only one-half of this
of 2-10°C/s. Based on these results, it appears that the transdistance (2.¢.m) is required to transform the microstructure,
formation kinetics are limiting the transformation rate for it would be expected that the two slower heating rates are ca-
the sample heated at a rate of°TD's at temperatures below pable of completely transforming the microstructure during
925°C. At this temperature, diffusion appears rapid enough their heating cycle. At the highest heating rate of’Ges,
to compensate for the higher heating rate. Even larger devi-the diffusion distance is slightly smaller than the microstruc-
ations are observed in the sample heated at a rate“@/30 tural scale, indicating that a small amount of untransformed
where a temperature of 100G is required for diffusionto B phase may exist when the sample first reached 1G00
catch up with the high heating rate. Additional experiments are planned to investigate the effects

Diffusion calculations were then performed to estimate the of heating rate on the transformation kinetics of Ti—-6AI-4V.
diffusion distance and amount of transformation expected at
the different heating rates. In these calculations, the diffu- 3.2. Lattice expansion of theand phases
sion of V in the phase is used to represent the growth
controlleda — B phase transformation that occurs during The lattice parameter of the and phases were deter-
heating[11]. The diffusion coefficient for V i has been mined from the 2 positions of their respective diffraction
measured and can be represented by an Arhennius exprespeaks. The lattice parametey, for the 3 phase was deter-
sion [D=Aexp(Q/RT)] with an activation energy@) of mined from the bcc (11 0) peaks, and the lattice parameter,
123.9 kJ/mole and a pre-exponentid) 6f 1.6 x 10~* cm?/s a, for thea phase was determined from the hcp (10 1) peaks,
for a binary Ti-V alloy containing 10 at.% M 4]. Using this assuming the/aratio is equal to 1.5963, which corresponds
relationship to represent the diffusion coefficient as a func- to the value in the base metal at room temperature. These
tion of temperatureT), the diffusion distance was calculated two peaks represent the strongest diffraction peaks for each

from the relationshipX(t) = 2(Dt)2, whereX is the diffu- phase, and provided good measurements of the lattice pa-
sion distance antlis the time[15]. The time is related to the  rameter throughout the entire heating rangeFig 10 the
constant heating rate by the differential expressionRIdT, lattice parameters are plotted as a function of temperature for

whereR is the imposed heating rate. heating rates of 2 andIC/s.
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3.32 sion rate, reaching a minimum at 750 before increasing
again at higher temperatures. The different behaviors of the
two phases during the — 3 transformation are most likely

—o— 2%is
—e— 10%/s

3.30 explained by the diffusion of alloying elements, and can be
understood by comparing the variations in composition of
each phase as a function of temperature.

3.28 1 Thermodynamic calculations of the Al and V content of
each phase show that the Al content of each phase changes

306 little with temperature. However, the V content, particularly

88005 of the @ phase, changes significanfy]. As shown inFig. 6,
0=9.2x10%°C the B phase shows a dramatic variation in V content, from
. : , about 0.95 to 0.04 mol fraction, from room temperature to
0 200 400 600 800 1000 the B transus temperature under equilibrium conditiptis
In addition, it is known that by increasing the V content, the
lattice parameter of thg phase will decrease. For example,
the lattice parameter ¢ decreases from 3.26 to 3.21 as the
3.02 V content increases from 11 to 19 witfk6]. Therefore, as
the a« — B transformation takes place, the V is spread out
—o— 2°C/s over an increasingly larger volume fraction of tghase,
3.00 {| —® 10°C/s which reduces the concentration of V 1 This decrease
in V content increases the lattice parameter forghghase
beyond that caused by thermal effects alone.

While the B phase is undergoing this rapid expansion,
there is a much smaller, but clearly measurable, decrease in
the expansion rate of the phase between 550 and 750.

This behavior can also be explained by the partitioning of V.
Since the V content of thephase goes through a maximum at
2.94 \ - ‘ - about 700C, asindicated ifrig. 6, then the X-ray diffraction

0 200 400 600 800 1000 results suggest that increasing the V content ofcthghase
would decrease its lattice parameter. Published dataregarding
the influence of V on the lattice parameterscofitanium
Fig. 10. Measured lattice parameters as a function of temperature for both CONfirm a decrease in both ta@ndc lattice parameters with
the (a) bee and (b) hep phases as a function of temperature during heating aincreasing V contentl7]. Thus, the behaviors of the lattice
two different rates. The indicated coefficients of thermal expansionere parameters of both theandp phases can also be explained
calculated from the slopes of the curves. by the partitioning of V to the respective phases, in addition

to the thermal effects, as tihe— B transformation proceeds.

Before thex — B transformation begins, the crystal lattice The effect of heating rate on the lattice parameters of the
expands as a result of the thermal expansion effects duringe and B phases is also shown #ig. 10 With increased
heating. The thermal expansion coefficient for Ti-6Al-4V is heating rate, the changes in lattice parameter are delayed to
reported to be between 8:510°% and 10x 10-6/°C near higher temperatures, but otherwise show similar behaviors.
room temperaturg2,5]. These values correspond very well This correlation is also consistent with the effects of heating
with the experimentally measured thermal expansion coef- rate on the3 phase fraction with temperature. Since higher
ficients for thea (9.7x 1078/°C) and B (9.2x 1076/°C) temperatures are required to transform a given amoyhaof
phases shown irfrig. 10 Considering the alloy consists the higher heating rates, the changes in lattice parameter are
mostly of « near room temperature, the weighted average shifted to higher temperatures as well. At the higher heating
lattice expansion of the two phase mixture should be closerrate, the dip in the lattice parameter of the phase that occurs
to that of thea phase. As thex — B transformation takes  at about 550C is less pronounced, indicating that this dip
place, the ratio of to « increases and the expansion of the has a rate dependence.

Lattice Parameter, a_ bcc, (A)

L g j
3.24 .

5
N

Temperature °C

o

Lattice Parameter, a_ hcp, (A)

2.98 1

2.96

—_
O
S—

Temperature °C

B phase should dominate. The origin of this dip is not known butis most likely related
The results presented Fig. 10display a dip in the lattice ~ to one of three possible effects. One possibility is the diffusion
parameter of th@d phase near the beginning of the— 3 of Vtothep phase atlow temperatures in order to compensate
transformation. This dip is followed by a rapid increase in forthe non-equilibrium starting condition of the base metal. A
the rate of change to a value of 5&.0-%/°C, which is ap- second possibility is the relaxation of residual stresses that are

proximately 6< that observed at lower temperatures. During built up in the two phase mixture of the alloy wheniitis cooled
these significant changes in th@hase lattice expansion, the to room temperature during processing. A third possibility is
a phase undergoes only a slight decrease in the lattice expanthe formation ofw phase from thed phase that can occur
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at these temperatur§®,17]. However, no evidence of the
phase was observed in the X-ray diffraction experiments. The
other two possible effects will be looked at separately.

First, there clearly is a driving force for the transforma-
tion of the non-equilibriunm phase tax during heating at
temperatures less than the mill annealing temperature of the
alloy. This driving force is the difference between the amount
of B in the base metal (12.1%) and that predicted by ther-
modynamics (4%). Thus, with a decrease in the amount of
B phase, there would be a corresponding increase in its V
content and decrease in its lattice parameter. However, diffu-
sion of V to a measurable extent at these heating rates would
be difficult, due to the low diffusivities of V in titanium at
these relatively low temperaturfg 11]. Furthermore based
on the synchrotron results, there appears to be no significant
amount ofa — B transformation occurring at these temper-
atures, since the initiation of the dip appears to precede the
observed initiation of the transformation.

The other possible mechanism for the dip is the relaxation
of residual stresses. Differences in the coefficients of thermal
expansion of thee andp phases will create internal stresses
in the multiphase mixture as the alloy cools from its mill an-
nealing temperature. In addition, transformation strains may
be present due to the differences in densities obtlaad 3
phase$18,19] It may be possible that these stresses begin to
anneal out in the 500-60C temperature range, just before

—A&—hep 10%ss
36.5 -B--bee 12"0:5
—@-hep 2°Cls
O bee2%is

Unit Cell Volume (A3)
&
w

35.0
34.5 00000
0 0080 5000
34.0 ‘ : : :
0 200 400 600 800 1000

(a) Temperature, °C

3.320
L 3315 1| —o— 2Cis

—e— 10°C/s

0 200 400 600 800 1000
(b) Temeprature, °C

Fig. 11. (a) Measured unit cell volume for each phase at the two different
heating rates plotted vs. temperature. (b) Cube root of the unit cell volumes
plotted vs. temperature representing the average linear expansion for the

thea — B phase transformation begins to occur, thus creat- muiti-phase Ti—6A-4V alloy. The indicated linear expansion coefficients,

ing the dip. Additional work is planned to study this effect in
future synchrotron experiments.
The overall expansion of the multi-phase mixture can be

«, were calculated from the slopes of the curves, before and during the
transformation.

estimated from the lattice expansions of the two individual this point, the expansion rate decreases, due to the dip in the
phases and their relative fractions in the microstructure. This lattice parameter of thg phase. Once the — { transforma-
calculation can be made by first determining the volume of the tion begins, the lattice expansion rate increases to an average

hcp unit cell of then phase §2csin(60°)), and the volume
of the bece unit cell of the3 phase °) as a function of
temperature. These data are plotteéig. 11a for thea and

value of 12.8< 10°6°C/s, and continues with this expan-
sion rate throughout the — B transformation temperature
range. The heating rate appears to have only a slightinfluence

B phases at the two heating rates. It is clear that the differenceon the average lattice expansion behavior, particularly in the
in unit cell volumes between the two phases decreases with500-600°C range, where the higher heating rate provides a
increasing temperature since fh@hase expands more than Smoother transition between the low temperature and high
thea phase with increasing temperature. Near the end of thetemperature expansion rates.

transformation, the unit cell volumes for theand3 phases
become nearly the same. The heating rate, in the 2610

range, seems to have little effect on the unit cell volumes of 4. Conclusions

the two phases as a function of temperature.

The results fronfig. 11a were then used to estimate the (1) In situ X-ray diffraction experiments performed on

overall expansion coefficient of the+p two phase alloy

by multiplying each unit cell volume by its respective vol-
ume fraction in the microstructure at each temperature. The
sum of these two volumes represents the average volume of
the o + 3 multi-phase mixture as a function of temperature.
From this data, the average linear expansion coefficient of

the alloy was estimated by taking the cube root of the vol- (2)

ume expansion data. These results are showhign 11b

for the two heating rates. In this plot, the average lattice ex-
pansion begins at a rate of 3510-%°C/s, and continues
at this rate up to a temperature of approximately BDOAt

Ti—6Al-4V samples heated to different peak tempera-
tures were used to directly observe the> B phase
transformation. At a heating rate of 3G/s, higher tem-
peratures, onthe order of 3G, were required to produce
the same amount @ phase as that predicted by equilib-
rium thermodynamics.

Controlled heating rate experiments were performed on
samples heated to tiggransus temperature at two differ-
ent rates. The measured fractionfindicated that the
sample heated at°Z/s begins to show an increase@in

at lower temperatures than the sample heated aCi<
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Transformation kinetics were shown to limit the trans-
formation rate of the sample heated at 10 and@@ up
to temperatures of 925 and 1000, respectively. Above

113

the research was sponsored by the U.S. Department of En-
ergy Division of Materials Sciences and Engineering un-
der contract No. DE-AC05-000R22725 with UT-Battelle,

these temperatures, diffusion appeared rapid enough toLLC. The UNICAT facility at the Advanced Photon Source

compensate for the higher heating rate.
(3) Lattice parameter measurements of éhend 3 phases
during heating showed the individual contributions of

each phase to the overall lattice expansion of the al-

loy. Before beginning the — B transformation, the ex-
pansion coefficient of the: phase was slightly larger
than that for thel phase. However, during the—
phase transformation, the expansion coefficient ofithe
phase increased dramatically to approximatedyts low
temperature value, while that of thephase decreased
slightly before passing through a minimum value.
During the transformation, calculations of the average
concentration of V in th@ phase show a decrease from
about 15-4%, while that of thephase was calculated to
go through a maximum of 2.5% at 750. The change

in V content of each phase and its effect on the lattice

(4)

parameters can explain the different expansion behaviors [

of the two phases during the— B transformation.

A dip in the lattice parameter of th& phase was ob-
served just prior to the — B transformation. The origin
of this dip is not known, but is most likely related to the

®)

relaxation of internal residual stresses that were created [

by the different lattice expansion/contraction rates of the
o andp phases.

The average thermal expansion coefficient of the two
phasex + 8 mixture was calculated from the expansion

(6)

of the two phases and the measured fractions of each as
a function of temperature. There was an increase from

9.5x 1075/°C at low temperatures to 12:810°6/°C
during thew — B phase transformation. A decreased ex-
pansion is observed at temperatures between 500 an
600°C, coinciding with a dip in thed phase lattice pa-
rameter. Expansion in the 500-60Dtemperature range
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