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DECOMPOSITION OF THE MARTENSITE IN TWO-PHASE TITANIUM ALLOYS

T. L. Trenogina and R. M. Lerinman
Institute of Metal Physics, the Urals Scientific
Centre, USSR Academy of Sciences
U.S.S.R.
The present work is devoted to an electron microscope study of
the decomposition of hexagonal martensite in a+8 titanium alloys.
As previous investigations have shown, martensite decomposition in
titanium alloys is heterogeneous in character.Cl,2) In this connection it is of interest to study the martensite substructure and its
effect on the decomposition kinetics, dispersity and distribution
density of precipitating phases.
For this investigation, the alloyVT9 (Ti-6.·5Al-3. 5Mo2Zr-O. 2Si)
quenched from the 8-field was used. Upon quenching from 1050°C,
hexagonal martensite forms and a very small quantity of 8-phase is
retained. Observations show the internal structure of martensite
plates to be varied. One can note the following kinds of internal
structure of martensite:
1.
2.
3.
4.

Rows of parallel dislocations (Fig. 1);
Blocks of dislocation origin with a slight
disalignment (Fig. 2);
Complicated dislocation pile-ups and networks
(Fig. 3);
Twins with a twinning plane {lOll}a' (Fig. 4).

According to the existing phenomenological theory of crystallography of the martensitic transformation, martensite forms by an
invariant plane deformation which generally consists of a homogeneous lattice-invariant shear.C3)
Principal distortions for the transformation of b.c.c. to
h.c.p. lattice are:
1623
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(a )

(b)

Fig. 1: a) Rows of dislocations in martensite. Quenched from
ll00°C (lhr) + tempered at SS0°C for lhr. Z.N. [1322] ;
b) Precipitates of 6-phase on the rows. D.F. rnicrogra~h from
(020) 6 r efl ection. x29000

Fig . 2: Block structure of martens ite .
Quenching from 1050°C 15 min. Z.N.
[110] 6 1 I [OOOl]a . A-twins.
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where

and where aa and ca
as

lattice parameters of a-phase (h.c.p.),
lattice parameter of

S-phase (b.c.c.).

For khe investigated ~lloy aS = 3.299, aa = 2.949 and
ca= 4.677X and o/a = 1.586 ; E 1 = 9.5; E 2 = 10.5 and E3 = 0.3%.
Since E 3 = 0 is small, it can be taken as 0. At E3 = 0 no
additional lattice-invariant shear is required as the lattice
deformation itself proves to be an invariant plane strain. In
this case it can be accomplished by a simple shear with an invariant (habit) plane.
Using the computation of habit plane indices employed in (3)
for the case when E 3 = 0 it was found that for the investigated
alloy they should be {575} 6 . Loci of habit plane normals were determinated by trace analys1s. They are plotted on the Figure 5
assuming the Burgers orientation relationship is fulfilled. Experimental results are in satisfactory agreement with the computations. Therefore, one can actually assume that during S7a'-transformation the only deformation in the investigated alloy is the
lattice deformation. It appears to be close to the deformation for
the lattice change proposed by Burgers for S7a-transformation in
Zr. It is a shear in <lli> direction on a {112} plane.
Proceeding from the fact that the deformation of S7a-transformation is identical to the shear for the 87a lattice change according to Burgers, one can suppose that accommodation of stresses between a'-crystals and the S-matrix occurs by formation of translation blocks with the output of dislocations on their boundaries.
A similar mechanism of translation block formation is offered for
the case of a-phase growth. (4) Rows of parallel dislocations observed in martensite plates of the investigated alloy (Fig. 1)
appear to be connected with the formation of such blocks in the
S7a'-transformation. The following testifies in favor of this sug~
gestion:
1. Trace analysis showed the dislocations to be located on
planes {lOIO}a II {112}s along <1210><411 <11I> 8 _so that they are
likely to be screw dislocations with S = 1/3 <1210>;
*Parameter values were determined by X-ray method.
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Fig. 3: Dislocation pileups and twins in
martensite. Quenched from 1050°C (lhr) +
tempered 600°C, 2hr. A - Dislocation
pileups, B - twins. xl7000

Fig. 4: S-phase precipitates on twin
boundaries in martensite. Quenched from
0
0
1050 C (lhr) + tempered at 600 C for 2hr.
Z.N. [OOIJ 8 JJ [1101] , Z.N. of twins
[llOl]a.
x37000 a
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fi2

Fig. 5: Trace analysi s of habit planes of martens ite plates. --and === quenchi ng after S-deform ation.

Fig. 6: Disloca tion loops in the alloy
after quenchi ng from 1050°C for lhr +
temperi ng at 550°C for lOOhr. A - D.f.
microgr aph from (lOlO) reflecti on.
a
xSOOOO
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2. The amount of shear necessary for B~'-transformation computed according to Wechsler-OtteCS) is about 0.026 of the shear for
slip on {1010} along <lZlO>. This amount of shear corresponds to
the formation of a single dislocation every 80 planes. Spacing
between the dislocations then must be roughly 200R, which agrees
with that observed (Fig. 1).
The formation of translation blocks can occur in spite of the
fact that it does not completely remove the stresses at the martensite plate-matrix boundary plane. For the complete relaxation of
stresses to occur, a little shear along this plane and tension in
the direction normal to it are also necessary. As these deformations
are small (below 3%), they can be accommodated at the expense of
elastic deformation of the plate and the matrix.
In general, during martensitic transformation a complicated
stressed state of the material is formed due to the collision of
martensite plates during their formation, anistropy of linear
expansion of a-phase and the development of stresses at the martensite-matrix boundary surface. Therefore one can understand the observed breakdown of martensite crystals into disoriented blocks
(Fig. 2) or the formation of dislocation pile-ups (Fig. 3,A) and
twins in them (Fig. 3,B). All of this leads to relaxation of
stresses. The process of breakdown into disoriented blocks is
similar to the formation of disoriented microbands in the presence
of an inhomogeneous stressed state in deformation of mono- and
polycrystals. (6)
On the basis of the Bowles-MackenzieC7) theory, the latticeinvariant shear for transformation from b.c.c. to an orthorhombic
(or h.c.p.) lattice must occur by twinning on {llO}b.c.c. in an
irrational direction (class of solutions A). The shear value on
the plane (llO)B I I (liOl)a• estimated according to Wechsler-OtteCS)
amounts to ~ 0.03 of a twinning shear. Therefore, in this alloy,
twins must not occur. However, a good many internal twinned martensite plates are observed fairly often. Sometimes both twins and
blocks of dislocation origin are observed in large plates simultaneously (Figs. 2 and 4·). Presumably in this case twinning is a
consequence of deformation due to the shock of martensite crystals
formed later. That twins in martensite of the investigated alloy
do not result from the transformation, but from the deformation is
confirmed by the following:
1. Contrast of blocks continues behind the twins and is
sometimes visible in the twins proper (Figs. 2,A and 4).
2. Deformation of a-titanium at room temperature does not
occur by twinning on {lOll}, but at elevated temperatures, as shown
in (8), this very type of twinning deformation is possible. Ms of
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Fig. 7: 8-particles: A-on dislocation
networds, B - on martensite plate
boundaries. Quenched from 1050°C (lhr)
0
+ tempered at 600 C for 2hr.

Fig. 8: Ordgring in a-plates. Quenched from 10S0°C (lhr) +
tempered 500 C, lOOhr. Z.N. (}0~ 8 jj[Sl4~ a, a 2 • x 30000
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the investigated alloy is much higher than the ambient temperature.
Heating the quenched alloy initiates the decompositio n of
martensite. At low temperatures and short durations of tempering,
microstructu ral changes were not observed. After tempering at
550°C for 5 hr, X-ray and electron microscope study revealed the
beginning of 13-phase precipitation from a'-martensit e. 13-phase
particles seem to be more distinct and are seen earlier at twin
boundaries (Fig. 4). The twinning plane {lOll}, that is the habit
plane of the twins, is parallel to {110} 6, where the a- and 13-phase
l att ices are in good matching. It is a favorable site for the
germination of 13-phase. 13-precipitat es appear also at the boundaries of sma!ler marten~ite ~lates and on rows of dislocatins with
S = 1/3 <1210> on {lOlO}a 1 I {112} 13 planes in larger plates (Fig. 1).
After tempering at 550°C for 100 hr the formation of dislocation
loops occurs in some a-plates in which disoriented blocks were observed after quenching (Fig. 6). Elevation of temperature and increased duration of tempering results in the formation of 13-phase
in the loops. 13-phase is also precipitated a t dislocation pile-ups
in large a-plates and at martensite plate boundaries (Fig. 7).

Fig. 9: gecrysta ll ized a-phase. Quenched
from 1050 C (30min) + tem2ered 600 C,
lOOhr. z.N. (}oiJ 13 ii [514~ . x3oooo
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At 550°C for 100 hr, conditions for the development of an
ordering process are created as a result of martensite depletion in
Mo and the enrichment in Al during the precipitation of 8-phase.
Faint superstructural reflections are seen on the electron diffraction patterns taken from large plates (Fig. 8). Ordering is of
Ti 3Al type. Superstructural reflections remain on the electron
diffraction patterns after 50 hr at 600°C and 5 hr at 650°C.
Mechanical tests of the alloy showed that the strength and the
relative elongation are lowered at that stage of tempering (600°C,
5 hr) when 8-phase precipitates are seen in all martensite plates on
dislocations, twin boundaries and blocks; 8-phase also precipitates
on plate boundaries and an ordered a 2-phase is formed in the plates.
With a further increased duration of tempering and the elevation of
temperature 8-phase particles begin to coagulate, forming 8-islands
at the boundaries of blocks and plates proper. Simultaneous recovery
and recrystallization processes take place in the martensite plates.
The plate body becomes free from dislocations, becoming a monolith.
At the tempering temperature 650°C, recrystallization begins already
after 30 min. The process of recrystallization in the former martensite plates occurs mainly by means of coalescence. Therefore,
inside the recrystallized a-plates, 8-phase islands are left. The
most obvious is the gradual disappearance of boundaries between
parallel a-plates with the same orientation (Fig. 9) which merge
together in a single body with 8-phase veins. The recrystallization
results in a further decrease of strength and elevation of tensile
ductility.
Basic elements of martensite substructure of the investigated
alloy are blocks and twins. The 8-phase precipitation as a continuous film on twin boundaries and on the martensite plate boundaries
being about deterioration in mechanical properties. The precipitation at the dislocation pile-ups and networks remains highly dispersed for a long time. By changing the martensite substructure one
can probably prevent a sharp decrease of tensile ductility of the
alloy in the state strengthened by heat treatment. In reference 9
it is shown that the deformation of martensite improves the mechanical properties of alloy Ti-6Al-4V after tempering, especially
at 600°C. Evidently the introduction of additional dislocations
as well as the formation of dislocation networks and pile-ups in
the martensite results in optimum tensile ductility of the alloy
in the state strengthened by heat treatment.
Deformation in the 8-field favors the formation of complicated
dislocation networks and pile-ups in the martensite and also makes
it fine as a result of the inheritance of parent 8-phase dislocations. (10) Hence 8-deformation will lead to better tensile ductility
of the alloy in the state strengthened by heat treatment in comparison with the properties of the undeformed alloy. A necessary condition for the favorable influence of 8-deformation is considerable
deformation without recrystallization.
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THE INVESTIGATION OF THE TITANIID1 STRUCTURE
AFTER SHOCK WAVE LOADING

A. R. Kutsar and V. N. German
I. P. Bardin Central Research Institute of Ferrous
Metallurgy
U.S.S.R.
INTRODUCTION
The analysis of the lrevious data on phase transformatio ns
under shock wave loading< l shows that the same polymorphic transitions occur in short duration conditions of dynamic compression as
in static high-pressur e experiments. Until quite recently the a w transformatio n in titanium was not detected during shock loading.
Under static pressures titanium undergoes a - w transformatio n
between 40 and 90kbar. <2 • 3 ) But no phase transition was noticed
in that range at shock. measurements . The kink on the D - U diagram occurred at 175kbar(4) and was correlated with the a - S transition. This was verified by observing S-phase in the titanium
samples after unloading. Retention of S-phase also detected by
Pashkov and Polyakova, as described in reference 5. The structure
and property changes in Ti after explosive ~hock loading were also
The occurrence of
correlated with the a - S transformatio n. ( 6
the Ti a - w transition during dynamic compression was established
for the first time in(7). It was also shown that considerable
quantity of w-phase may be retained after unloading.
Because of the presence of w-phase at atmospheric pressure
it became possible to study the structure and phase composition of
titanium as a function of loading conditions. The aim of the
present work is to gain additional knowledge of the mechanism and
characterist ics of the a - w transformatio n at shock ,.,ave loading.
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Fig. 1: Shock loading scheme for the titanium sample in the
container of stainless steel Chl8NlOT. a) Pressures (P) and
particle velocities (U) in the container and the sample, 2,4,1P-U states on the entrance interface (steel-titanium); 3,1 P-U states on the back interface (titanium-steel).
b) Pressure (P) vs time (T) for the entrance (----) and back
(----) sample ~urfaces; pressures in state 4 and 1 are practically
the same.
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Fig. 2: -phase distribution along cross section of titanium
sample after loading to 200 kbar at the initial temperature
120oK (steel container).
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EXPERIMENTAL PROCEDURE
Titanium VT-1-0 in the form of a cylinder (16mm diameter by
2mm thick) and iodide grade titanium (16mm diameter by lmm thick)
were used for this investigation. The samples were enclosed in a
cylindrical container of stainless steel CH18NlOT. Plane shock
waves of 120, 200, 350 and 500kbar were produced by the method of
contact explosure. The waves were produced by the impact of the
metal driver plate accelerated by an explosive charge w{th the
container top surface. This procedure was used earlier ?) and described in detail. (S)
Since the sample and container materials are of different
dynamic impedance, loading to the nominal pressure of 120, 200,
350 and 500kbar was done by stages. P-U and P-T loading diagrams
(200kbar) for titanium are given as examples in Fig. 1. It is
seen from Fig. 1 that the pressure close to maximum initial pressure
in the container (state 1) is achieved in the sample in ~l~sec while
the whole compression impulse duration is ~.S~sec. Similar behavior is observed at the other pressures. In several experiments
a titanium container was used to get singlewave loading. In that
case only state 2 (Fig. 1) with ~4,5~sec duration is realized and
pressures of 90, 140, 265 and 390kbar passing through the sample
are attained in the first shock wave.
X-ray methods were used to investigate w-phase content by
measuring (Oll)a and (llO)w line intensities. Surface layers of
O.l-0.15mm thick were removed by etching in hydroflouric acid. For
transmission electron microscopy,discs of 4mm diameter were cut from
the samples, mechanically thinned to 0, 1-0, 2mm and then chemically polished in the 1:4 mixture of hydroflouric and nitric acids until suitable thin foils were obtained.
EXPERIHENTAL RESULTS
No w-phase was detected in titanium samples after shock wave
loading of 120-SOOkbar (steel container) at the initial temperature
of 290°K. At the lower initial temperature of 120°K w-phase was 6,
25, 39 and 54% at 120, 200, 300 and 500kbar,respectively.
After singlewave loading of 90kbar (titanium container, lnltial temperature 120°K) traces of w-phase were detected; 140kbar
loading resulted in 25% w-phase. In the experiments with singlewave loading to 265 and 386kbar three titanium samples (eash 2mm
thick) were enclosed in container, O,lmm titanium foil being put
between them. No w-phase was detected in these samples. During
these experiments containers were subjected to considerable heating, which is evidenced by a blue discoloration on the surface.
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Fig. 3: Structure of shock-loaded titanium (140 kbar, 120 0 K,
titanium-contain er)
a)a- and w-crystals.
b)Dark-field image in w-phase pattern spot.
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Four experiments at 350kbar and 120°K were done to determine
phase composition stability. w-phase content was 34, 20, 21 and
24%. The second loading 350kbar, 120°K of the samples with 21 and
24% w-phase resulted in w-phase increase to 34 and 35%, respectively.
w-phase content along the cross-section of the titanium sample
was examined by means of X-ray studies. Several layers of 0,05mm
were consecutively removed and the w-phase distribution after
200kbar loading at 120°K is shown in Fig. 2. Similar behavior
was observed in other samples containing w-phase.
Electron microscopy was done after singlewave loading to
140kbar and multiwave loading to 200kbar at the initiai temperature
of 120°K. In both cases w-phase was in the form of platelets
O,l-03~m thick (Fig. 3), which were fragmented and had higher defect concentration than a-phase. Analysis of diffraction patterns
from the a and w-crystals sh~~ed that both the (OOl)a and (Oll)w
planes, and the [lOO]a and [211] directions were parallel,which
correlates with the orientation ~elatiQnship between a and w-phases
in static-pressure treated titanium. t 9 J The same results were obtained in the study of iodide titanium.
DISCUSSION
It is well known that the high velocity (close to that of
sound) of the athermal martensite transformation is caused by cooperative lattice reconstruction. tlO) w-phase formation during
several microseconds at temperatures of 200-300°K allows one to
assume the athermal martensite mechanism of a~ transformation.(7)
Analt~ts of the lattice deformation for an a to w-phase transition
shows, in fact, that such reconstruction requires atomic
displacements for the distances less than those of interatomic.
The present data about orientation relationships between the
a and w-phases in conjunction with the characteristic thin platelet form of w-phase crystals, together with kinetic conditions of
its formation, allows one to make the unambiguous conclusion that
Ti a4W transformation under shock loading proceeds by athermal
martensite mechanism.
At the same time the investigation of a~ transformation in
titanium
syatic pressures shows rather slow isothermal isobaric
kinetics. • 3

12

In connection with essential differences between static and
shock kinetics it is possible to plot another line (region) of
athermal martensite a4W transition, together with the well known

