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ALLOTROPIC TRANSFORMATION OF TITANIUM

The allotropic transformation of titanium which connects the h.c.p. low
temperature phase to the c.c. high temperature phase, is very sensitive to the
impurities contents of the metal. Titanium has a particularly high reactivity
towards oxygen and nitrogen, whose solid solutions cause a very sharp rise of
the transition temperature.

Dilatometric study of metals of different purity levels

The kinetic investigations about the allotropic transition necessitate
very pure base materials and high vacuum technique, in order to minimize contam-
ination. The dilatometric experiences were conducted in a direct type apparatus
built in our laboratory (1)(2). Its working conditions are : high vacuum
(10-% to 1077 Pa) at maximum temperatures of 1050 to 1100° C. A high sen51b111ty
i.e. a maximal commonly usable amplification coefficient of 25. 10°. A particul-
arly high stability of the base line allows very long time studies of cumulative
annealing type. It is therefore possible to have very fine studies of the samples’
evolution in the -neighbourhood of the phase transition, enabling precise definit-
ions of transition temperatures.

The present study was carried out using thermal cycling at different speeds
of temperature variations vs time and, on the other hand, using the cummulative
annealing method. The metals used are R.C.P. Titanium (3] and Van Arkel Titanium
(4), their chemical analysis are given in Table 1.

Table 1 : Analysis (in 107° atomic)

Materials -0 O+N C Hf Al Fe Ni Zr
R.C.P. Titanium 800-1800 | - {280} - | 10-200 | 150-250 | 50-70 | 10-40
Van Arkel Titanium | 100-150 - - - - 70-100 - -

Thermal cycles. The temperatures of the beginning of transformation during heat-
ing of the Van Arkel Titanium are 882 -884 - 886° C for heating speeds of 50,
150 and 300° C/h. On the other hand, the B - o transformation temperature is
unique, i.e. 881° C for the three cooling speeds. The amplitudes of the dimens-
ional variations vary from cycle -to cycle in proportions like 1 to 5. The a > 8
and B » o transformations show composite phenomenons : contraction, expansion,
sudden variation of slope. Such a dilatogram is given in figure 1.
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speeds of 300° C/h and 150°C/h, give the begin-
ning of a o > B transition at 886° C and of B + a
at 881° C. The thermal spreading of the trans-
formation has an approximate amplitude of 25 to
30° C. The dilatations and contractions at trans-
formation vary in great proportions (1 : 20) from
cycle to cycle, these phenomenons are always
composite.

1 Cumulative annealings. During heating as
well as during cooling, the o «> 8 transformat-
tion of Van Arkel titanium (figures 2, 3) is an
isothermal transformation at 882 + 2° C which
is composed of a slow dilatation and a slow

) TC contraction. The transformation time is 36 h.

800 850 30 %0 at . heating and 28 h. at cooling, The o + B
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As a whole, the influence of impurities is globally a-gen and therefore,
the phase transition temperature is raised in the limit of two degrees and an
o + B two phase domain appears with a width of 17° C. In this domain, a determ-

ined transformation rate corresponds to each temperature, as we showed previous-
ly in another study on the phase transition of zircenium (1}(5).

Possible influence of retrograde solubilities of some impurities.

Recently, J. Matyka et al. (6) established experimentally the retrograde
solubility of iron in titanium. Our thermodynamic exploitation of the results (7)
convinced us of the retrograde solubility of other impurities.

The examination of figure 4 concerning the titanium-rich side of iron-
titanium phase diagram with superposition of vertical lines corresponding to the
three grades of titanium sutdies (with respect to their iron cdncentrations)
gives evidences for differences in the developments of phase transformation
(nature of phase embryos, phase germination, kinetics of phase transformation)}.
The comparison with the dilatometric curves is very instructive. On the other
hand, if we consider other solutes with retrograde solubilities, we have a
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The indifferent point 8 solid-o solid concerns the equiatomic composition
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rather complicated problem in
accounting for the details of
their influence.

In industrial alloys, the kinetics
of transformations may also be
sufficiently influenced by the
impurities to generate some
variations in the results of ident-
ical heat treatments on different
grades -of the same type of alloy.

ALLOTROPIC TRANSFORMATION OF TITANIUM ZIRCONIUM ALLOYS

The outlines of the titanium-zirconium binary diagram were given as early
as 1930 and since, only modifications in the limits of the two phase o + B were
given. This diagram is shown on figure 5.
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Figure 5 titanium-zirconium binary diagram

. While

the different authors agree with the general features of the diagram, they don't
agree with. the position of the indifferent point B solid-a solid ; Fast (8),

Hayes
Adler

et al.
(11) at 535° C.

(9) give their point at 545° C, Duvez {10) at 485° C ; Farrar and

f

The precise.determination of the indifferent point appears as a fundament-

al requirement before developping other investigations in this binary system.
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Experimental methods

The phase transition of equiatomic Ti-Zr alloys was studied by high vacuum
dilatometry in the apparatus previously described and by microcalorimetry in a
high temperature Calvet microcalorimeter equiped with special calorimetric cells.
The calibration of this calorimeter was obtained by Joule-effect either "in situ”
or in special calibration run when the equipment occupied too great a space to
allow "in situ" calibration.

Three Ti-Zr alloys at different impurity levels, were studied. The first
one, Ti-Zr 1, is at industrial purity level, the other two, ‘Ti-Zr 2 and Ti-Zr 3
were synthetized under very pure Argon. The impurities concentrations of start-
ing metals, are given in table 2.

Table 2
samples | MEtEr- Composition at 10°°
mp fals 0] N C | Cr| Hf |AlL |Fe{Ni| H | 2zZr|Ti
Ti zr 1 | Ti zr | 31301 500 4000
, 900 10 |150( 50 10
Ti Zr 2 T 1800 280 200 |250( 70 40
Ir 2250 | 293 | 1520 | 105 102 23600 38
T 7r 3 Ti 100 70
: Zr 8 8 271 of 2
Dilatometry

Thermal cycles. At the same speed of thermal cycling, differences appear
in the transition temperatures from one alloy to another. Table 3 gives the
experimental results. We note that with increasing purity of the alloys an
increasing hysteresis appears, between the beginning of the a + B transition
and the beginning of the B = a transition.

Table 3
a > B B+a
transition transition transition transition Hysteresis
Alloys beginning end beginning end (°c)
(°c) (°c) (°c) (°c)
Ti Zr 1 618 642 586 587 30
TiZr2 616 641 ‘ 583 568 33
Ti Zr 3 621 642 581 562 40

The dilatometric amplitudes at the transition are similar for the a -+ 8
and for the B = a transition when the maximum temperature of the sample does not
exceed by more than a hundred degrees the temperature of transformation. On the
contrary, when the maximum temperatures of the sample are higher, systematic
variations of the dilatometric amplitudes take place. Above 940° C, the dilato-
metric amplitudes at the phase transition are maximum for ldentical annealing
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times. The variations of these amplitudes at transition were studied using four
dilatometric cycles a -+ B and B > a .caracterized by a heating and cooling speed
of 300° C/h. Before the experience, the sample was annealed at 940° C during 20

minutes. The dilatograms are given figure 6.
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Figure 6 : amplitudes at transition

Cycle 1 : after the a > B transition, the sample 1s arnealed at 700° C
during 20 minutes. At cooling, the amplitude of the B + o transition is much
lower than that observed at heating.

\

Cycle 2 : The amplitude of the o + B transition is comparable to that of
the B + a transition in the first cycle. After a 20 minutes B-phase annealing
at 700° C, the amplitude of the B + o transition is within the same range of
values as the amplitude observed at heating for the o + B transition.

Cycle 3 : The transition amplitudes at heating and coocling are in the

same range.

Cycle 4 In this cycle, the B-phase annealing temperature is 800° C for
20 minutes ; a consequence of such an annealing is the increase of amplitude of
the B + o transition. This amplitude may be compared with that of dilatations

observed during transitions in the previous dilatograms.
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This phenomenon makes evident the influence of the B-phase annealing temperature
and 1s observed whatever the purity of the alloy. In experimental conditions
similar to those of Cycle 4 in figure 5, the amplitude ratios for a -+ 8 and 8 + «
transformations are always in the same range.

Ti Zr 1 alloy : o » B amplitude = 58 % of B ~ o amplitude.

Ti Zr 2 alloy : o » B amplitude = 60 % of B > a amplitude
Ti Zr 3 alloy : a » B amplitude = 57 % of 8 - o amplitude

This phenomenon, common to the three alloys of different purity levels, is
certainly specific of the type of transformations involved and we suggest a
noteable effect of stresses generated in the metals during the phase transition.

Cumulative annealing

This study was made for the different alloys.

o > B-transition (figure 7
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For the less pure alloy (Ti Zr 1), the phase transition begins at 616° C
and extends over 10° C, is slow and for each temperature in this domain, corres-
ponds a determined transformation rate.

The transformation of Ti Zr 2 begins at 617° C and is comparable to that
of alloy 1.
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The transformation of Ti Zr 3 alloy, the purer one, is much more rapid and
is isotherm at 621° C. The transformation time is approximately 480 minutes.

After a > B transformation, .the final temperature is 940° C for the three
alloys, which are annealed for 30 minutes at this temperature before cooling.

B -+ o transition (figure 8)
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Figure 8 : cumulative annealings, B + o transiticn

This transformation is isothermal at 612° C for Ti Zr 1 alloy ; it is slow
and lasts approximately 28 hours. For alloy 2, it is also isothermal but at
600° C and lasts approximately 20 hours. The purer alloy, Ti Zr 3, shows an iso-
thermal transition at 586° C during approximately 7 hours 30 minutes. This
kinetics, in spite of its slowness, is the quickest obtained.

Figure.8 (4) shows a metallography of the surface of Ti Zr 3, after iso-
thermal B + o transition ; in the acicular structure observed, the needles have
not altered and show the relief effect due to B > o transformation. These are the
last martensitically transformed zones.
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Calorimetric study

Experimental procedures. To prevent pollution, the sample 1s at the bottom
of a closed zirconium cylinder which is placed in a silica specimen holder moving
with smooth friction in the calorimetric cell. This cell is a transparent silica
tube closed by a double Wilson's joint metallic head, with a metallic valve and
a manometer to measure pressure inside the cell. In a first time, the cell alone
is disgassed under vacuum at 900° C ; during this operation, the zirconium
cylinder is annealed at 800° C in ultra high vacuum.

After thils, the different elements are assembled and introduced in the
calorimetric cell, where titanium getters are also placed.

The calorimetric cell is then connected to a high vacuum ionic pump for
disgassing at 400° C before introduction of highly purified argon. Finally, the
titanium getters are inductively heated at 1000° C during 48 hours.

These operations avoid pollution of the sample during the calorimetric
determination which proceeds under static argon.

Thermal cycles. The a =+ B transition is endothermic and the‘S - o trans-
ition is exothermic for the three alloys’ studied.

Tables 4, 5, 6 give the experimental results on the three alloys submitted
to three successive thermal cycles. The temperatures of the beginning and of the
end of the transition are respectively noted 8; and B¢: 6y, being the temperature
of the maximum of the endo or exothermic calorimetric peak. AH is the heat of
transition. The calorimetric curves for each of the three alloys are given on

figures 9, 10, 11, the roman numbers I, II and III are for the successive thermal
cycles.

do/dt (mw) Figure 8 :

20 Calorimetric curves, sample n°® 1

“

-5
Table 4 : transformation results

-104 Ti Zr, sample 1 ¥

_151 v(8) = 3° C/h Ti Zr 1 alloy m = 3,40884 g
a=+B B~a
Cyele n® [ gy o, | 6f aH 61 |, Ome | of H
€ec) {°c) (°c) | U/mole)| (°C) ec) o) (3/mole)
I 602 623 827 | 2817
34 503 624 529 | 2530 f 804,5| 587 577 25a |
It 603 523 831 2500 | 801 585 572 2530
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. Figure 10
j‘d_o/dt (mW)
m Calorimetric curves, sample n°® 2

I

C . .
q Table 5 : transformation results
640
Ti Zr, sample 2 ¥
v(8) = 3° C/h ) Ti Zr 2 alloy m=1,09792 g
a-+B8 B+a
Cycle n® | oy By, of aH o1 oms | Of o
T ey | eots | o |amow | ooy o | o tI/mole)
I 614 625 628 2239 600 . 580 587 2297
64 612 | 626 634 | 2326 | so2 590 585 2413
II1 613 628 @33 2268 600 588 583 2326
dQ/dt(mw) Figure 11.-:

104

:

Calorimetric curves, sample n° 3

A E S
B Yare
/

\ o,
580 500 , 600 610 e 6C Table 6 : transformation results
~ = 620 630

Ti Zr, sample 3 ¥
-54

v( ) = 3%/n .T1 Zr 3 alloy m = 0,87233 g
a-+8 ) gra
Cycle n® [7g, B11x of aH 61 Bmx | of AH
ey ee) | oo |omee | oo | o) | o i/mole)
I 616 624 528 2443 599 584 579 2529
o) 615 | 626 | 632 | 2443 | s97 sas | 576 2558
1 616 | 628 | 632 | 2413

All three samples have the same thermal history befbre the microcaleorimetric
study : an annealing at 940° C for 30 mihutes in high vacuum {10-% Pa) and then
a cooling at a speed of 300° C.h"! to room temperature. .

. No Eignificative variations were observed in the values of transformation heat
at heating or cooling, the average value of AH =.2425 + 131 J/mole.

The temperatures of the beginning of the o + B transition lower with the
increase of impurities content and the hysteresis between both temperatures at

beginning of a + B transition and beginning of B + a transition increase with
lowering of impurities content. :

In a general way, it can alsoc be pointed out that the kinetics of either o - 8
er B + o transformation of the second and third cycle is noticeably different
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from that we had in the first cycle. In this case, the curves maximum was notice-
ably higher. The thermal history of a sample submitted to three successive cycles
is

Annealing at 340° C
and cooling to room —p | 700° C

temperature ) Ar’#””—————4 Cycle 1
500°C

b 700° C

a—____,———“‘ Cycle II
500° C -

— 700° C

a’—____,_——” Cycle III
500° C

The ultimate temperature of heat treatment influences the shape and the
spreading of the thermal peak. For the same alloy, the spreading of the peak is
minimum for an experience after an annealing at 940° C, on the other hand the
ultimate annealing temperature has no influence on the value of heats of the
o > B and B +> a transformations.

These features are probably due to stresses generated in the sample during
thermal cyclings. These stresses can be annealed at an appropriate temperature
as shown on figure 12, where the temperature raise of the sixth cycle on Ti Zr 3
after annealing at 840° C in ultra-high vacuum is represented.

Ad0/dt{mw)

s e 6c
610 620 630 640
_g4
Figure 12 : Ti Zr 3, sixth cycle

The influence of sample pollution. The goal is to study the influence on
the o « > B phase transition of Ti-Zr egquiatomic, of pollution due to the contact
of the sample with silica in the apparatus. In this experience, we do not use a
zirconium container and consequently, the sample is put directly in the trans-
parent silica container. The sample used 1s of the same grade as Ti Zr 1 ; the
five thermal cycles given on figure 13 and table 7 show evidence of a clear
modification of the calorimetric curves.

During heating and from the first cycle a 45° C magnitude is measured for
the lowering of the ‘transformation beginning temperature. The calorimetric curve
shows two non-separated peaks, the first one having the lowest heigth and spread-
ing over 67° C. In the course of the five cycles, the calorimetric curve shifts
steadily towards lower temperatures. The transformation heat average value is

AH&*B = 28916 £ 33 J/mole, then higher than 2425 * 131 J/mole.
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AdQ/dt (mW)

54

_54

-104
Figure 13 : T7i Zr 1, influence of sample pollution
Table 7
Ti Zr 1 Alloy ' m = 3,69519 g
‘ a > B ' g8 » o
Cycle n®
v(g) 61 OMx 6f AH viB) 01 OMx 6f AH
(°c/h) (°c) °cl °c) (J/mole) (°C/h) (°cy °c) (°c) (J/mole)
I 3 557 | 617 | 624 2878
II 4,5 555 614 625 2836 1 594 583 563 2257
111 3 549 | 607 621 2936 3 575 565 532 2268
v 3 544 605 818

During cooling, the § » o transformation gives only one peak on the calor-
imetric curves, with a shift towards lower temperatures as the successive cycles
take place. The evidence of the sample evolution appears by comparison between
the values of previously defined caracteristical temperatures for the fourth
cycle (0i = 575° C - 6m = 565° C - 6f = 532° C) with those found in good exper-
imental conditions on the same alloy (see table 3) (61 = 601° C - Om = 585° C -
8f = 572° C).

The differences between the calorimetric curves during heating and during
cooling for the polluted sample can be explained in the following manner ’
. on heating, the partially polluted sample begins to transform (first peak) and

then the whole core transforms (second and highest peak).
. on cooling, the hysteresis may be the origin of the two reverse peaks over-
lapping giving apparently a unique .reverse peak.

This viewpoint must be discussed further and, above all, controlled pollut-
ion experiments are necessary to complement our results. These experiments are
being carried at this time in our laboratory and we think they might explain the
results of Farrar and Adler (11)

General conclusion

The results obtained in this study of phase transformation of titanium and
of an equiatomic titanium-zirconium solid-solution, both with samples of differ-
ent grades, show that at slow heating and cooling rates, the transformation is
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slow and its characteristics depend on the impurities content. Pulse heating (12)
and fast quenching (13} experiments give very high transformation rates. The rate
of transformation is probably depehdent on the heat flux density input or output.
The different variables considered here must be kept in mind when examining
industrial heat treatment of titanium and titanium alloys.
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