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Microstructure, Tensile Deformation, 
and Fracture in Aged Ti 10V-2Fe-3AI 

G. T. TERLINDE. T. W. DUERIG. and J . C. WILLIAMS 

In the .B·Ti alloy Ti- IOV-2Fe-3AI a variety of (X- and w-aged microstructures with different yield 
stresses was establ ished by combinations of forging and heat lreatmenl. Tensile tests have shown that 
plastic deformation and fracture are strongly influenced by the morphology, sire, and volume frac lion 
of the differenl types of a-phase (primary a, secondary a, grain boundary a), as well as by the 
w-phase. A detailed microscopical study revealed several deformation and fracture modes. It appears 
that at several sites stress and slrain concentrations and subsequent void nucleation can occur and that 
the quantitative combinations of the different a-Iypes determine which sites are active. The dominant 
deformation mode for the (a + fJ) solution treated and a-aged conditions was a strain localization 
in the a-aged matrix leading to voids at the interface between aged matrix and primary a-phase. In 
case of the J3-solution treated and a-aged microstructures the grain boundary a leads to a strain 
localization in the soft a-film and to void nucleation at grain boundary triple points at low macroscopic 
strains. Based on the above mechanisms it is discussed in detail how varying sile, volume fraction, 
and morphology of the a -phasc affect the ductility. The embrittling effect of w-particles can be largely 
reduced by a grain refinement. 

I. INTRODUCTION 

M ETASTABLE J3-Ti-alloys are becoming increasingly 
attractive for commercial use in high strength structural 
components. Compared to the o lder a + {3 alloys, ,B-alloys 
exhibit higher strength to density values and good strength­
toughness combinations. 1_ ll Moreover, these properties can 
be developed in th ick sections. Beside these advantages, 
however, several studies have shown a considerable scatter 
of ductili ties within one slructural part or forging. 1-m These 
problems often arise from inhomogeneities in the micro­
structure which arc accentuated by a strong sensitivi ty of the 
ductili ty to microstructure. As a resu lt , several studies have 
been conducted to establish methods for controlling micro­
structure and for establishing the relationship between 
microstructure and properties. In these studies different 
microstructures were established by varying three factors: 
alloy composition , forging history, and subsequent heat 
treatment. 1_9 Some of the important microstructural param­
eters which can be controlled by combinations of the above 
factors are the volume fraction, distribution and morphology 
of the a-phase (e.g., primary a. secondary a, grain bound­
ary a), and it has been shown that thet can have pronounced 
effects on the mechanical properties. -u Most of the earlier 
studies have included only limited ranges of different micro­
structures. Thus, a direct comparison between the studies is 
difficult since usually there were differences in alloy com­
position, forging, and heat treating conditions , all of which 
contributed to different microstructures and/or strengths. 
This may be one of the reasons for some of the apparently 
connicting results. 

It , therefore. seemed appropriate to initiate a study using 
a fixed alloy composition in which the microstructures sys-
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tematically varied over a wide range. This has been done by 
using combinations of forging and heat treatment. 

The study described here will concentrate on the follow­
ing subjects: (I) the tensile properties. especially the duc­
tility, as a function of yield stress and microstructure; (2) the 
microscopic deformation (slip mode) and fracture mech­
anisms; (3) the correlation between the microstructures and 
mechanical properties. 

For this study a relatively new ,I3-Ti, Ti- IOV-2Fe-3AI 
(Ti- IO-2-3) was chosen. This alloy has the potential for 
extensive commercial use. Earl ier stud ies on this alloy have 
been concerned with the development of chemically homo­
geneous material, 10 optimization of the forg ing condil ions,~ 
and elucidation of the phase transformation behavior and 
mechanical properties. I. The selection of microstructures 
for this study will be based on results from Reference 14 
and described later. 

Experimental Methods 

The majority of the Ti-IO-2-3 alloy used in this study was 
suppl ied by TIMET (heat #P(452) as hot ro lled plate. [t had 
been thermomechanically processed starting in the {3-phase 
field with a final a + fJ working operation staning from 
730 or, The ,l3-transus was determined as 805°C ± 3 or, 
The alloy contained (by weight) 10.3 pet V, 2.2 pct Fe, 
3.2 pct AI, 0.15 pct 0, 0.009 pet N, 0.0\6 pct C, and bal­
ance Ti. The other material used in this study was taken 
from pancake forgings which were initially worked in the 
{3-ficld fo llowed by a final upset in the (a + {3) field 
(774 0C). The ,I3-transus of th is alloy was slightly lower than 
that of the plate. 

Good heat treatment praclice was employed to avoid 
atmospheric contamination. For heat treatments performed 
above 600 or, specimens were wrapped in Ta foil and vacu­
um encapsu lated. Most of the heat treatments below 600°C 
were perfonned in a neutral liquid nitrate salt bath. 

Specimens for optical microscopy were electropolished in 
a solution of 5 pct H2S04 in methanol at room temperature 
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at a voltage of 21 V. The etchant consisted of equal parts of 
10 pet oxalic acid and I pct HF aqueous solutions. 

Thin foils for transmission electron microscopy (TEM) 
were prepared in a tw in jet electropolishing unit with an 
electrolyte of 59 pct methanol, 35 pet butanol, and 6 pet 
perchloric acid cooled to -50°C. A voltage of 12 to 15 V 
was used. 

For void nucleation studies fractured round tensile speci­
mens were sectioned parallel to the tensile axis to expose the 
center plane , which then was electropolished. The void nu­
cleation was investigated by SEM. 

Tensile tests have been performed on electropoli shed and 
etched cylindrical specimens with a diameter of 6.4 mm and 
a 32 mm gage length using an lnstron testing machine with 
a clip-on extensometer. The tests were carried out in the 
L-direction of the plate at a strain rate of 5.5 x 1O-~s-l. 

The fracture surfaces of the tensile specimens have been 
studied by scanning electron microscopy (SEM). 

II. RESULTS 

Microstructure Characterization 

A variety of microstructures has been chosen for this 
investigation based on a recent detailed study on this alloy. 14 

They will be briefly introduced using a schematic phase 
diagram of a (3-Ti alloy shown in Figure I. 

All heat treatments were performed in two steps and con­
sisted of an elevated temperature solution treatment (ST) 
followed by a lower temperature aging treatment. Solution 
treating above the ,B -transus (,B-ST), e.g., at 850°C, leads 
to recrystallized equiaxed (3 -phase grains. The upper optical 

T 

micrograph in Figure I illustrates this structure . Numerous 
inclusions are also visible in the (3-ST structure. Solution 
treating in the two phase (0 + (3)-field «0 + (3)ST), in 
this case between 700"C and 780°C, results in a (3-matrix 
containing coarse primary a (ar) particles. The morphology 
of this primary 0 is influenced by the forging conditions, it 
was equiaxed for the plate forging (lower left micrograph), 
and elongated (aspect ratio -5) for the pancake forging 
(lower right micrograph). The volume fraction of primary a 
can be controlled independently of morphology by the solu­
tion treating temperature. Thus, the individual effects of or 
morphology and volume fraction on the mechanical proper­
ties can be separated. In our studies the ar volume fraction 
changed from 0 vol pct at 805 °c «(3-transus) to about 
40 vol pet at 700 "'C. Furthermore, the (a + (3) ST micro­
structures are characterized by pancake- like (3-grains which 
contain a fine internal subgrain structure which is stabilized 
by the pr~mary o. 

The solution treatments were followed by aging at tem­
peratures between 200 °c and 500 0c. Between about 
200 °c and 450°C the metastable, coherent w-phase forms 
(Figure 2(a)), but it transforms after sufficiently long aging 
times to secondary a precipitates (a,) (Figure 2(b)). This 0 

forms as a uniform distribution of very small plates with a 
typical length of 1500 A and a thickness of 300 A. Above 
400 °C a second type of a,-phase forms directly in an auto­
catalytic manner. It has a much higher aspect ratio than the 
aforementioned 0 and is larger in size (Figure 2(c». The 
conditions for formation of this a morphology include a 
higher aging temperature and a rapid heating rate, since 
heating slowly allows the w to form first and then transform 
in situ to the fine type of secondary o. This is described 
in more detail elsewhere. 14 During aging, especially at 
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Fig. I - Schem3lic phase diagram illuslrdl ing Ihe heal Irealments and the resulting microstruc lu res. The lower 2 microslructures show Ihe differem a" 
morphologies in samples conlaining 10 lXl ur 
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Fig. 2- Aging products: (a) w-panicles. TEM dark fie ld . (h) a-phase formed from w-phase. TEM dark field. (e) a-phase formed autocalalytically. TEM 
<.lark ficld. and (d) subgrain boundary a phase. TEfI,l bright field. 

temperatures above 400 °C, the a-phase also precipitates 
al grain boundaries and subgrain boundaries, and it can 
develop into a continuous film (Figure 2(d)). 

III. TENSILE TESTS 

By appropriale combinations of solution treating and 
aging il is possible 10 establish a wide range of yield stresses 
from about 900 MPa ( 130 ksi) to 1450 MPa (210 ksi) for 
diffe rent types of microstructures. A microstructure type 
is defined here as having a fi xed solution treatment or 
volume fraction of primary a, whereas the aging condition 
can change. 

The main interest of this study is to find a correlation 
between different microstructures and their strength, defor-
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mation, and fracture behavior. To do this , variations in duc­
tility as a function of the yield stress will be presented for 
different types of microstructures. 

In Figure 3 the yield stress , 0"0.2, is ploned vs the true 
fracture strain eF or reduction in area RA , respectively, for 
three a-aged microstructures and one w-aged condition. 
The data in this diagram are organized according to micro­
structures as defined before. The a, volume fractions chosen 
were 0 pel , 10 pet, and 30 pet; the aging temperatures for 
a -aging were between 350°C and 500 °C and for w-aging 
between 200 °C and 260 °C (details in Reference 14). The 
diagram shows the following results: 

(I ) For a constant ap volume fraction an increase in yield 
stress leads to a reduclion in ductility. This well-known 
tendency is emphasized by ;'trend lines" drawn in Figure 3 
for each type of microstructure. 
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Fig . 3 - Influence of yield siress on true fr;IClure strain for different 
microSlructure~. 

(2) For the (a + (3) ST and a-aged microstructures (10 pet 
and 30 pct up) an increase in (XI' volume fraction reduces the 
ductility at all yield stress levels studied. For example, at a 
yield stress of about 1250 MPa (181 ksi) the microstructure 
with 10 pet O:p shows a true fracture strain of 0.50 compared 
to 0.18 for the condition with 30 pet ap . 

(3) The {3-ST (0 pet ap ) and a-aged microstructures 
show lower ductilities than the (a + (3) ST and a-aged 
conditions. 
(4) The results of the w-aged conditions are illustrated par­
tially in the ITo.reF diagram, Figure 3; additional data are 
shown in Table I. By w-aging the {3·ST condition macro­
scopic brittleness is found after aging to quite low apparent 
strengths as deduced from hardness data. The (a + (3) ST 
microstructure with 30 pet ap at a yield stress of 1218 MPa 
still shows a very low ductility ( I to 2 pet RA). In addition, 
however, we tested a very similar w-aged microstructure 
with 30 pet u~ which was produced from a different forging, 
which has not been described here. After solution treat­
ment, this forging did not have the coarse grains and sub­
structure typical of hot rolled material. but had very 
sma!! recrystallized grains of simil ar size as the substruc­
ture (-10 p.m diameter) in the aforementioned material. 
This recrystallized microstructure showed a considerably 
higher ductility in the w-aged condition. For example, at a 
strength of 1250 MPa , the true fracture strain was 0.3 1 
(RA =:: 27 pet). This value is even better than the corre­
sponding ductility of the a-aged microstructure at this yield 
stress. At higher yield stresses, e.g., at 1350 MPa (196 ksi), 

a, 
Vol Pel 

0 
30 
30 

Table I. Tensile Properties of 
Diffe rent w-Aged Microstructures 

Grain! Size w-Aging u" " Subgrain (Jl.m) Temp. (Oe) (MPa) (Pct) " grain - ISO 260 0 0 
subgrain - 10 260 1218 0.6 0.02 
gram - 10 260 1245 5.3 0.3 1 
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RA 
(pet) 

0 
2 

27 

Table II , Influence of a .. -Morphology on 
Tensile Properties for Th·o Differe nt a,,-Volume 

Fractions at a Constant Yield Stress 

a, a, 
UO.2 RA 

Vol Pct Morphology Aging Temp. (MPa) " (Pct) 

10 globular 500°C 1250 0.50 39 
10 elongated 500°C 0.30 26 

30 globular 350°C 1250 0.20 18 
30 elongaled 370°C 0. 11 " 

the ductility of this w-aged microstructure is almost as good 
as that of the "best" a-aged condition . 
(5) All the above results were received from micro­
structures with a globular (Xp-morphology. In order to study 
the effect of an elongated Qp-morphology on ductility, 
microstructures with constant volume fractions of each 
ap-morphology (10 pet, 30 pet) were aged to produce the 
same yield stress. The results are shown in Table II. For 
both ap volume fractions investigated, the elongated mor­
phology exhibits lower ductilities compared to the globular 
shape at - 1250 MPa yield stress. While the true fracture 
strain drops from 0.50 to 0.30 for JO pet Qp, . it is reduced 
from 0.20 to 0. 11 for 30 pet Qp • 

IV. MICROSCOPIC DEFORMATION 
AND FRACTURE 

The microscopic details of deformation and fracture 
were studied main ly by SEM. In some cases the SEM 
observations were augmented by TEM studies. Based on 
preliminary studies, the various microstruc tures show 
markedly different slip modes as well as fractu re behavior 
and are thus difficult to discuss concurrently. Therefore, 
this section will be div ided into three parts: (a) {3-ST 
plus a-aged , (b) (Q + (3) ST plus a-aged, and (c) w-aged 
microstructures . 

A. {3-ST Plus a -Aged Microstructures 

The {3-ST plus a-aged microstructures especially in the 
high strength condition (UU.2 > 1300 MPa) show mainly 
intergranular fracture (Figure 4(b» . A surface defonnation 
study on the gage length surface (e =:: eF) (Figure 4(a» 
reveals that the plastic defonnation is very localized in the 
soft grain boundary a-film and leads to considerable dis­
placements between adjacent grains. These displacements 
frequently have a component which is perpendicular to the 
specimen surface as has been detennined with the aid of 
stereo pairs. In addition, a band of intense deformation, 
which starts from the grain boundary triple point and spreads 
into the grain interior, can be seen. It is probable that this is 
accommodation deformation which is necessitated by the 
intense local ized slip in the grain boundary a film parallel 
to the band, and which has been stopped at the triple point. 
This leads to high local stresS concentrations which can be 
relieved by accommodation slip in the adjacent grain . 

At lower yield stresses the amount of intergranular frac­
ture decreases, and instead more transgranular dimple type 
fraclUre is observed (Figure 4(c». The dimple size is very 
nonunifonn with sizes from less than I p.m to aboul 10 p.m. 
This could be re lated to the platelike shape of Ihe secondary 
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a-phase (see Figure 2(c», si nce dependi ng on the orien­
lalion of the plates relative to the load axis, fracture nuclei 
associated with them would give very different dimple sizes. 

B. (a +/3) ST and a-Aged Microstructures 

Typical fracture surfaces of (0 + /3) ST plus a -aged 
microstructures are shown in Figure 5. They were taken 
from two microstructures, one with 10 pet ap (Figures 5(a) 
and (b)), the other one with 30 pet op (Figures 5(c) and (d)); 
both were aged to about 1250 MPa yield stress. Both frac­
ture sulfaces contain dimples. The dimple shape and size, 
however, is not very regular, and is typicaiJy larger than the 
ap-spacing in those specimens. At higher magnifications 
there is evidence of finely spaced regions of localized plas­
tici ty which can be seen in the interior of the dimples 
(Figures 5(b) and (d)). These regions generally correlate 
in spacing with the secondary a-phase. In addition, many 
dimples contain what appears to be an outline of the pri­
mary a -phase. Although there is not a one-to-one correlation 
between the dimple size and the primary a spacing, the 
dimple size of the microstructure with 30 pct ap is smaller 
than that with 10 pet a" (Figures 5(a) and (c». 

In order to study the fonnation of such fracture surfaces, 
a more detailed investigation was performed starting 
with the microscopic plastic defonnation prior to fai lure. 
Figure 6 is a SEM micrograph which shows the surface of 
a tensile specimen (0'0.2 "" 1277 MPa, 10 pet a,,) defonned 
to a true strain of e - 0.35 (eF = 0.46). Surface steps have 
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Fig. 4- Plastic defonnation and fracture in ,B-ST plus a-aged micro­
structures, (a. b) 850 ~C . 2 h. WQ. 500 ·C. I h. 0"0 .1 = 1367 MPa. 
tf - 0.03. (e) 850 ~C, 2 h, WQ, 500 ~C. \0 h. 0"0.1 = 1246 MFa. 
tr=O.17. 

fanned in some areas (arrows); the orientation of these steps 
is parallel to the secondary a plates. Apparently, the matrix 
has defonned plastically and the degree of deformation 
seems to depend on the orientation of the a, plates relative 
to the loading axis. At higher strains a clear tendency for 
strain localization was observed. Figure 7 illustrates some 
details of this strain localization. The SEM micrographs 
were taken from regions very close tQ the fracture surface of 
a specimen which contained 10 pet Cfp and was aged to 
aO.2 = 1250 MPa. Localized. highly defonned zones simi­
lar to the intense slip bands commonly observed in precipi­
tation hardened alloys IS were found. In most cases these 
bands occurred in only one orientation in a single ,B-grain, 
and this orientation was close to the direction of the maxi­
mum shear stress (Figure 7(a)). The bands are very long 
compared to the characteristic spacing of microstructural 
features such as ap (Figures 7(a) and (e)). They can deviate 
locally, which is probably due to slightly different orien­
tations of the subgrains. These bands are fully developed , 
before any void nucleation is visible (Figure 7(c)). Very 
close to the fracture surface a shearing process along these 
defonnation bands starts (Figure 7(d», which leads to a 
shear type fracture (Figures 7(a) and (b)) , as can be seen 
from the elongated dimple shape. By this shearing mecha­
nism, voids can form at the a, particles (Figure 7(d)). 
Similar deformation bands can also form in the f3-ST plus 
a-aged condition. 

With increasing yield stress, the intensity of these bands 
increases at comparable strains; an example is shown in 
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Fig. 5 - Fracture surfaces of ( a + (3) ST plus a-aged microstructures at a yield stress of about 1250 MPa (181 ksi), SEM, (a.b) 10 pet ap • 

(c. <f) 30 pet ap • 

Figure 8. This SEM micrograph shows the intersection of 
the gage length and fracture surface of a I3-ST plus a-aged 
microstructure which failed at a stress of 1588 MPa (230 ksi) 
without measurable macroscopic ductility (EF = 0). This 
microstructure was the only I3-ST + a-aged condition ex­
amined which did not contain GBa; here the GBa probably 
was suppressed by the low aging temperature 'of 320 °C. 
Fracture apparently occurred along very intense localized 
slip bands, which are much more intense than those of the 
microstructure in Figure 7 with 1250 MPa yield stress. At 
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relatively low yield stresses (-ICHXl MPa) the individual 
deformation bands are less pronounced and are much 
more unifonnly distributed, as can be seen from Figure 9 
(0"0.2 = 1036 MPa, 10 pet ap). As a result, the plastic defor­
mation is very homogeneously distributed through the mate­
rial. Here the only defonnation bands which are visible are 
located very close to the fracture surface (Figure 9(a», but 
fracture still occurs by shear (Figure 9(b». 

If the volume fraction of ap is changed from 10 pet, as 
described above, to 30 pet the fonnation of more intense 
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Fig. 6 - Surface deformation on an (a + (J) ST plus a ·aged tensile speci· 
men at a true plastic strain of about e - OAO (eF = OA6L 10 pet O!r. aged 
0.3 h at 500 "C. (To., = 1277 MPu, SEM. 

deformation bands in the matrix is seen at comparable yield 
stress and plastic strain. Thus, increasing the ap volume 
fraction has the same effect as increasing the yield stress. 
The possible reasons for this wiH be discussed later. 

Additional evidence for the occurrence of localized defor­
mation was found by TEM. Tensile tests were interrupted 
before the onset of fracture. Thin foils were prepared from 
the highly deformed necked regions. The following two 
figures show the deformation structures observed in two 
different specimens. Figure 10 iHustrates a microstructure 
with 10 pet ap whereas Figure II iHustrates one with 30 pet 
ar . Although both were a-aged to about 1250 MPa yield 
stress , the ductilities differed substantially (Figure 3). 

Figure lO(a) shows generaHy uniform plastic deformation 
throughout the microstructure. In some areas a localized 
deformation is starting as iHustrated in Figure lO(b), which 
leads to a bent shape of the secondary a plates. Trace analy­
sis has shown that two directions in which this localized 
plastic deformation occurs are (110)~ and (J 12)1J. The sec­
ondary a is also heavily deformed to a bent shape close 10 
ap-particles and subgrain boundaries (Figure lO(c)). 

Figure II supports the observations of Figure 10 and pro­
vides some additional information. Figure l1(a) shows the 
interaction of a deformation band with a primary a particle. 
Apparently at least two bands (see arrows) have cut through 
the interface between ap and the aged matrix causing offsets 
in the order of 0.1 ,um. In addition, by imaging one of the 
bands (Figure 11 (b» it appears that the bending of the sec­
ondary a plates is more localized and more intense than 
in the 10 pet ap microstructure despite the lower macro­
scopic strain. 

In addition to the microscopic deformation, the cor· 
relation between void nucleation and strain localization has 
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been examined. To do this , failed tensile specimens were 
sectioned longitudinaHy, and one of the flat surfaces was 
electropolished and etched . Void nucleation was studied 
below the fracture surface in the center of the specimen. 
Figure 12 summarizes the results. The majority of voids 
were as sociated with a p-particles as is illustrated in 
Figure 12(a). Figure 12(a) also shows some evidence of the 
void formation process. If the voids on the lower left and 
upper right are connected by constructing a straight line 
between them, one can see that the ap-particle in the center 
is sheared off along this line and starts to form a void. 
Therefore, together with the observations in Figure 11, it 
seems that deformation bands cut through the ap-particles 
and start void nucleation. It is not clear exactly where the 
voids start, but it is most likely that they start at the interface 
between up and the aged matrix because of the high stress 
concentrations and strain incompatibility there . 

Voids were also observed at sites where subgrain bound­
aries impinge on the primary a-phase (Figure 12(b)). Al so. 
voids form at the interface between the secondary a -phase 
and the {3 -matri x (Figure 12(c)) as well as at inclusions . 

Generally, all the above mentioned voids were relatively 
small even very close to the frac ture surface and didn't 
show a strong tendency to coalesce to form larger cracks. 
One possible explanation for this observation is that once 
the first voids form, they grow very quickly and become 
unstable and that this happens only in a very small volume 
of the specimen. 

Besides a variety of a -aged conditions, some selected 
w-aged microstructures were studied. These were the {3-ST 
and w-aged condition (€f = 0) and the (a + {3) ST plus 
w-aged condition with a true fracture strain of 0.31 (see 
Table 1). Extremely intense slip bands are observed on the 
gage length surface (Figure 13(a» of the {3-ST plus w-aged 
condition with a {3 grain size of about 150 p.m. These slip 
bands form because the coherent w particles are sheared by 
moving dislocations, as has been shown previously. 15 Frac­
ture occurs along the slip bands in a step-like pattern which 
is caused by concurrent shear cracks which form on several 
parallel slip bands and coalesce by tearing (Figure 13(b)). 

The (a + {3) ST plus w-aged condition with a much 
smaller grain size (-10 p.m) also shows slip bands devel­
oping. However, they are much less intense, are more fi nely 
spaced, and their length is smaller due to the reduced grain 
size (Figure 13(c» . The fracture surface shows a dimple 
type fracture and, at a higher magn ification, traces of the 
slip bands are visible (Figure 13( d)). A TEM examination of 
a highly deformed (€ - €f ) specimen of the above micro­
structure showed the existence of intense slip bands in the 
w-aged matrix (Figure 14(a)). Figure l4(b) illustrates that 
these slip bands are strong enough to cause offsets at the 
grain boundary which can lead to crack nucleation at these 
sites . It must be kept in mind that this microstructure con­
tains 30 pet uP' which also can play an important role in the 
fracture process. However, the experimental evidence 
strongly suggests that the reduction in grain size is the more 
important factor behind the large change in ductility. This is 
supported by the fact that the microstructure with 30 pet a J! 

which had coarse grains containing a substructure instead of 
small recrystallized grains, showed a very poor ductility. 
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Fig. 7-Plas/ic deformation and fraclUre in an (0 + III ST plus o-agf;d micl'O!ilnK:tUre. /1,,_! .. 1250 MPI. (0) Intersection of gage length surf~e and 
frxture surface. (bl fracture surface. (c) deformation bands Ht strain smaller than fraclUre slrain. and (0) deformation bands al fracture strain. 

V. DISCUSSION 

The results have shown that, for Ti· JO-2-3 with a variety 
of microstructures. a wide range of yield stresses can be 
reached and that the ductili ty response is strongly influenced 
bo(h by the microstructure and by the yield strength. 

Based on these results. the discussion will focus on the 
rollowing topics: first, the mechanical properties will be 
discussed with emphasis on the ductility. Second, the differ· 
ent slip and fracture modes will be discussed and an attempt 
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will be made to correlate the mechanical properties and 
microstructures on the basis of the observed slip and frac· 
ture modes. 

A. Mechanical Properties 

The ductility values of the a·aged conditions have shown 
a very Slrong sensitivity to changes in yield stress and micro­
structure (Figure 3, Tables 1 and II). From the "trend lines" 
in Figure 3, for ex.ample, a 100 MPa (14.5 ksi) increase in 
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Fig. 8- P!astic defonnation and fracture in a /3 -ST plus a -aged micro­
structure, no GSa , 850°C , 2 h. WQ, 320°C. 5 h, [To , = 1588 MPa 
(230 ksi ), fr .. 0, intersection of gage length surface and fracture sur­
face. SEM. 

yield stress can cause a reduction of the true fracture strain 
of l1er = 0.25 (I1RA = 23 pet) for the microstructure with 
10 pet ap • By comparison, the ductility of the I3 -ST plus 
a -aged condition (0 pet ap ) is less sensitive to variations in 
strength , and the equivalent decrease in fracture strain 
is l1 ef" = 0 .06 . The ducti lity also is very sensitive to 
changes in microstructure. The most pronounced effect cor­
responds to a change from 10 pet to 0 pet ap • which at a 
yield stress of 1250 MPa reduces the ductility from 
Cf" = 0.55 (RA = 42 pet) to Cf" = 0. 15 (RA = 14 pet) . At 
lower yield stresses this effect is even more pronounced. 
These observations have important practical implications 
regarding the processing and heat treatment of this alloy. For 
example, the control of forging or heat treatment practice 
must be carefully monitored in order to guarantee acceptable 
and reproducible ductility. That is, any solution treatment 
close to the l3 -transus must be very carefully controlled 
since solution treatment only slightly above and below 
the J3-transus - resulting in 0 pet ap and 10 pet aI" for 
example - leads to very different microstructures and duc­
tili ties (Figure 3). Equally important, solution treating be­
low the J3 -transus at slightly different temperatures can also 
lead to significant ductility changes (Figure 3) . In addition 
to solution treatment temperatures, the aging treatment also 
must be carefully controlled since changes in the rate of 
heating to the aging temperature can cause considerable 
differences in the nature of a, precipitation. Th is also can 
lead to changes in the yield stress and ductility.14 

Considerable scatter in the ductility due to chemical in­
homogeneities has been reported. 1O Based on our results, 
this is not surprising. The chemical composition mainly 
detennines the volume fraction of ap after a certain solu­
tion treatment. Since local variations in the chemical com-
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Fig. 9- Plastic defonnalion and fracture in an (a + /3) ST plus a -aged 
micros tructure, 15 pet a~, aged 1 h at 650°C, [To , = 1036 MPa, 
fF = 0.77. SEM. 

position which are equ ivalent to a 40"C change of 
the l3-transus have been observed in Ti-IO-2-3,'U the local 
variations in ap-volume fractions after a solution treatment 
can be considerable and can lead to significantly different 
mechanical properties within a structural part . 

The well-known embrittli ng effect of w-particles' ~ can 
effectively be avoided by properly reducing the J3 grain size 
(Table I). In fine grai ned material, the ductility of the 
w-aged microstructure with the small grain size is com­
petitive with that of the most ductile a-aged conditions, 
especially at high yield stresses. This w-aged microstructure 
is attractive insofar as it exhibits fatigue strength values 
comparable to a -aged microstructures and a clear trend 
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Fig. lO - Plastic defonnation dose to fracture in an (a + (J) ST plus 
a-aged microstructure, 10 pct ap , ITO.2 = 1202 MPa, ~~ - 0 .63, TEM. 

Fig. 11 -Plastic defonnation dose to fracture in an (a + (J) ST plus a-aged microstructure, 30 pet ap ' ITO.2 = 1238 MPa , E, ' = 0.17, TEM. 

toward higher threshold values in fatigue crack propagation, 
as recent studies have shown.'6,'7 

B. Microscopic Deformation, Correlalioll 

Before entering into a more detailed discussion of the 
results, it appears to be useful to point out in somewhat 
general tenns the complex nature of plastic defonnation in 
a two phase alloy (Figure 15) such as this. These alloys 
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consist of a {3 -phase matrix which contains a-phase precipi­
tates. Both phases are ductile and can defonn plastically. 
From several studies there is evidence that the yield stress 
and subsequent strain hardening of the two phase mixture 
strongly depends on the size, morphology, and volume frac­
tion of the different types of a present (ap , a" GBa, 
SGBa).I~ ,20.21 Since all the a-aged conditions contain a 
mixture of a-types with numerous combinations of size, 
morphology, and volume fraction (see Figure 2). it is very 
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difficult to separate the individual contributions of each 
factor to plastic defonnation and fraclUre. Therefore, the 
discussion will be limited to a more qualitative explanation 
of the microscopic observations. For practical reasons this 
will be subdivided into J3-ST plus a-aged, (a + (3)ST plus 
a-aged, and w-aged microstructures. 

(I) J3-ST plus a-aged microstructures 

The predominant microstructural parameter responsible 
for the relatively low ductilities of this microstructural con­
dition is the grain boundary a film (Figure 4). As has been 
shown here and in more detail elsewhere for similar micro­
structures,2.4.14 the presence of grain boundary a leads to 
long soft zones which defonn preferentially during plastic 
defonnation, since the aged matrix is considerably stronger. 
This results in large plastic strains distributed over a rela­
tively small volume of the material. Moreover, this occurs 
at stresses less than those corresponding to the yield stress 
of the matrix. Because of the long slip length (sgrain size) 
high stress concentrations and high local strains develop at 
grain boundary triple points, where further propagation of 
the slip is difficult because of the higher flow stress of the 
a + f3 matrix (Figure 15, arrow 1) . Th is can lead to frac­
ture at low macroscopic strains, although the local strains in 
the grain boundary a are high. Controlling factors for crack 
nucleation are the length and thickness of the soft grain 
boundary zones as well as the yield stress difference be­
tween the aged matrix and the soft zone. IS .19 Reducing the 
length of the zones, for example, by a smaller grain size has 
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Fig. 12- Void nucleation in (a + {3) 51 plus a-aged microstructures. 
SEM. (a.b) vuid nucleation at a., (e) void nucleation at a ,. 

been shown to increase the ductility of an age hardened 
Ti-Mo alloy considerably.l~ This has been proven indirectly 
also in this study, since in the (a + (3)ST plus a -aged 
conditions the subgrains or grains with a diameter in the 
order of 10 /-Lm also develop an a-film during aging, but the 
a-film is not responsible for the main void nucleation pro­
cess . Even if subboundary a were responsible for initiating 
fracture, in such cases much higher ductilities are reached 
compared to the f3-ST plus a-aged conditions. 

Reducing the yield stress difference between GBa and 
the matrix by lowering the latter has been shown to increase 
the ductility, too (Figure 3). This ductility increase is ac­
companied by an increasing amount of transgranular frac ­
ture (Figure 4(c». This observation could be explained as 
follows: Beside the GB-a-film also the aged matrix defonns 
plastically more and more, and before crack nucleation 
occurs at the grain boundaries, the matrix itself develops 
defonnation bands starting, for example, from grain bound­
ary triple points, and transgranular fracture is initiated in 
these bands. A more detailed discussion of the deformation 
bands will be given later. 

(2) (a + (3) ST plus a-aged microstructures 

These microstructures are commercially the most inter­
esting, since they exhibit the best combinations of mechan­
ical properties (Figure 3).4.9 It appears useful to start the 
discussion using a fixed microstructure with a constant yield 
stress, for example, with iO pct ap aged to 1250 MPa. De­
formation studies have shown that, at the inception of plastic 
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Fig. 13-Pla,tic deformation and fracture in 2 different w-aged microslructures, SEM. (a, b) {:loST + w-aged, grain siu -150 Mm. EF = O. 
(c . d) (0: + (:l) ST + w-aged. 30 !XI O:p . grdin size -10 Mm, f p = 0.31. 

deformation, the plastic strain is homogeneously distributed 
throughout the microstructure, but that at higher strains the 
onset of strain localization occurs. For high volume frac­
tions of small a" the strain localization can become extreme 
and can lead to macroscopic brillieness (Figure 8). Al­
though the microscopic results are not totally conclusive, it 
is possible to provide some insight into the nature of the 
observed deformation bands and the role of these bands in 
the overall fracture process. Allow plastic strains the a- and 
,a-phase strain harden separately, and the a-phase appar­
ently acts as a bamer to slip propagation. With increasing 
plastic strain, the independent strain hardening of the two 
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phases becomes more difficult because of incompatibility 
brought about by differences in the strain hardening behav­
ior of the two phases. The details of the strain hardening of 
these two ductile phases are not totally clear yet, but two 
recent studies have shown that the small a ,-particles exhibit 
a high strength which is either produced by a rapid strain 
hardening of the basicly soft a-phase especially for small 
dimensions (Hamajima, Liitjering, Weissmann20) or by a 
high initial dislocation density induced by transformation 
strains (Young, Levine, Margolin21

). This causes a micro­
structure condition similar to a dispersion strengthened sys­
tem except that the a -particles despite their high strength are 
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Fig. 14 - Microscopic dcfonnation in an (0" + (3) ST plus ",-aged microstrucmre, 30 pet 0",. recrystallized. 8~ = 0.31, TEM. (a) Intersecting slip bands. 
(b) offsets at grain boundarie, caused by intense slip bands. 

Secondor 

~- motr ix 

Primo Cl (ap) 

Grom boundary 0 (GSal 
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Fig. 15- Schematic illustration of stress or strain concentrations acting as 
possible void nucleation sites. 

still capable of deforming plastically. As a result and in 
contrast to rigid dispersoids it is possible to defonn further 
the a-phase plastically which defers nucleation of voids 
at the a-{3 interface until higher strains are reached. This 
further deformation occurs as localized deformation 
bands . The bands can develop in two ways as illustrated in 
Figure 15 (arrow 2): (I) slip can pass through the a-{3 inter­
faces as has been observed already for other Ti_alloys.2l.22 
This reaction is likely since, according to the Burgers 
orientation relationship, the a- and {3 -phase have several 
common slip systems and Burgers vectors of comparable 
magnitude. This transition of slip from {3 to a should hap­
pen at sites with high local stress or strain concentrations. 
Such a site is, for example, at the boundary of two a.-f3 
colonies as is indicated by arrow 2 in Figure 15 . The local 
stresses at the colony boundary are highest if (1) the slip 
occurs in the maximum shear stress direction and (2) if the 
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a,-plates lie parallel to the slip direction, since in that case 
the slip length has its maximum value (-colony size). The 
second possible explanation of the observed slip phenom­
enon is based on the assumption that slip does not pass 
through the a ,-{3 interface, but that instead the local stress 
concentrations at the interface may induce slip in the 
a-phase leading to a shearing of this a and of the adjacent 
f3 and so on. The favorable sites for the second mechanism 
are the same as for the first. Both mechanisms could explain 
the statistical fonnation of defonnation bands at favored 
sites linking up to microbands at an angle of about 45 deg 
to the load. 

An interesting question arising from the above discussion 
is if and how the observed slip distribution will influence the 
fracture process. In this study most of the emphasis has been 
placed on the erack initiation part of the fracture. Our obser­
vations show that crack initiation occurs mainly at primary 
a particles. This has been found in numerous two phase Ti 
alloys; however, a clear criterion for void nucleation has not 
been identified yet. Our results suggest that the voids start 
at those sites where the defonnation bands impinge on the 
interface between ap and aged matrix. These sites also cor­
respond to regions of high stress or strain concentrations and 
lead to offsets in the interface (Figures 11(b), 12(b), 15 
(arrow 3» and to void nucleation there. From this the fo l­
lowing conclusions can be drawn: first, the primary a 
boundaries are important void nucleation sites . Second, 
however, the aged matrix or secondary a also has a strong 
effect on the void nucleation process, since it controls the 
propensity for defonnation band formation, and it is these 
deformation bands which cause void nucleation. 

In the above discussion only a fixed microstructure and 
yield stress (e.g. , 10 pet ap ' ao.! = 1250 MPa) were con­
sidered. It is now appropriate to consider how changes 
in the microstructural parameters can influence the strain 
localization, void nucleation, and the corresponding me­
chanical properties . 

An increase in the volume fraction of the secondary a 
and a reduction in the a, particle size leads to an increased 
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yield stress, a higher strain hardening during plastic defor­
mation, and to a lower ductility (Figure 3).14 This is accom­
panied by an increasing propensity for strain localization 
(Figures 6 and 8). 

This observation can be explained by the results of an 
aforementioned study on a different ,B-Ti-al!oy (Ti-7Mo-
7AI),w which show that the small a-particles strain harden 
much more rapidly than the large a-particles. This leads to 
an increased strain hardening difference between the a - and 
{3 -phase and to the formation of deformation bands at lower 
strains . Increasing the volume fraction of a,-particles would 
lead to a more rapid overall strain hardening because the 
a-particles strain harden much faster than the {3 -matrix, and 
again the strain hardening differences which lead to shear 
band formation would be reached at small macroscopic 
strains. Taking an increased a s-dislocation density with 
decreasing a,_size21 would lead to similar tendencies for the 
band formation. Besides the as-size, its plate- like mor­
phology might affect the band formation. 14 Based on the 
mechanism shown in Figure 15 , one would expect that for 
an increasing plate length the slip length within a colony 
increases, which in turn raises the stress concentration at the 
interface to the next colony and leads to band formation at 
lower strains . This model would explain the unexpected 
ductility drop during overaging of the microstructure with 
iO pet ap and the high aspect ratio a" since the only micro­
structural change observed was an increased plate length and 
possibly thickness . 

Changing the primary a condition also affects the defor­
mation and fracture, as will be shown by two examples. 
First, changing the morphology of the primary a from 
globular to elongated leads to a lower ductility at compara­
ble yield stresses (Table lJ). A possible explanation is the 
decreased planar interparticle spacing2l for the elongated 
compared to the globular ap causing a higher void density 
when the deformation bands cut through them. Changing the 
volume fraction of Up has two effects. First, it also reduces 
the ap-spacing leading to a higher void densi ty. In addition, 
when comparing two microstructures with a constant yield 
stress but different ap volume fractions, the increased vol­
ume fraction of soft primary a does not contribute to the 
strength and must be offset by a higher matrix strength in 
order to reach the same macroscopic yield stress. Such a 
matrix has been shown to favor earlier formation of the 
deformation bands and to fracture at lower strains (see 
Figure 3). 

The discussion up to this point has focused mainly on the 
deformation bands and the void formation associated with 
these bands because this appears to be the dominant process. 
In addition, however, further types of void nucleation have 
been observed. For example, voids have been seen at the 
sites where subgrain boundaries impinge on the ap-particles 
(Figures 12(b) and 15 (arrow 5». Void formation at such 
sites is likely because there will be high local stresses or 
steep strain gradients in the regions where the aged matrix, 
the soft aI" and the subgrain a interact. Finally, a few 
instances of crack initiation have also been observed within 
the aged matrix, especially for microstructures with very 
long a,-plate dimensions (Figures 12(c) and 15 (arrow 4)). 

Based on this discussion some more general conclusions 
can be made: deformation and fracture depend very sensi­
tively on the qualitative microstructure type and on the yield 
stress (consider, for example, the iO pet ar microstructure 
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aged to <TO.2 = 1250 MPa). In addition, it appears that the 
relative quantitative dimensions and volume fractions of the 
different types of a also play an important role in initiating 
voids. The general controlling parameters seem to be local 
stress or strain concentrations which can occur at several 
sites within the microstructure (ap-{J interface, a,-{3 inter­
face, ap-subgrain boundary interface, grain boundary 
a-film). Moreover, which site becomes active for void 
nucleation or how the different possible sites work in a 
combination appears to be sensitively controlled by the 
quantitative mixture of a-types, volume fractions, and 
morphologies. For example, deformation bands are the 
dominant void nucleation site at higher yield stresses while 
at lower yield stresses the interfaces between ap and SOBa 
and/or aged matrix can act as void nucleation sites. 

For a complete correlation between microscopic and mac­
roscopic fracture the crack growth has to be taken into 
account. Although in this study this has not been done 
systematically, it has been observed that , especially in the 
high strength conditions , voids were not visible even at high 
magnifications (l0,000 times) until very shortly before frac­
ture . This suggests that the contribution of the crack growth 
process to the ductility in those conditions is not very 
marked and that it is mainly controlled by the strain harden­
ing and void nucleation. 

(3) w-aged microstructures 

During deformation of the w-aged conditions the 
w-particles are sheared by moving dislocations (Figures 14 
and IS ). Intense slip bands (dislocation pile-ups) form; they 
create high stress concentrations at slip barriers like grain 
boundaries and primary a-particles. This can lead to crack 
nucleation at these sites at very low macroscopic strains. 
The extent to which these stress concentrations develop is 
influenced by the yield stress increase due to particle hard­
ening as well as by the slip length (grain size and/or 
ap_spacing).24 Both of these factors affect ductility. These 
correlations permit mechanical properties to be explained. 
The ductility increases continuously if one compares a large 
grain (- 150 JLm) in the {3-ST condition (CF = 0), with the 
(a + {3) ST condition with 30 pet ap and a substructure 
(£F = 0.02) and with the (a + {3) ST condition with the 
same amount of ap but very small recrystallized grains 
(-to p..m diameter) (£F = 0.31) . A comparison of the three 
microstructures also shows that neither the subgrain bound­
aries nor the ap are effective barriers for slip bands com­
pared to a grain refinement. An improvement of the yield 
stress-ductility combination would be reached by further 
reducing the grain size and also by reducing the primary a 
volume fraction. The latter suggestion is made since the soft 
primary a leads to early accumulation of plastic strain, and 
in order to reach a certain macroscopic yield stress the 
matrix has to be more extensively w-strengthened than in a 
structure without the ap . This, in tum, lowers the ductility. 

VI. CONCLUSIONS 

In Ti-IO-2-3 a variety of microstructures has been studied. 
They were established by a combination offorging, solution 
treating, and subsequent aging and wer.e characterized by 
different types of a (aI" a" SGBa, GBa), with different 
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volume fractions and morphologies. The results can be sum­
marized as follows : 

1. For different microstructures a wide range of yield 
stresses can be rrached varying from about 900 MPa to 
1450 MPa. 

2. The ductility depends strongly on the microstructure 
and the yield stress. A yield stress increase reduces 
the ductility for a fixed microstructure; the sensitivity 
I1RA/I117o.2 showed values up to 22 pet per 100 MPa. 

For the (0: + fJ) ST plus a-aged microstructures in­
creasing the ap volume fraction as well as changing from 
globular to elongated ap reduces the ductility at compar­
able yield stresses. The fJ-STplus a-aged conditions have 
lower ductilities than the (a + fJ) ST plus a-aged condi­
tions. For a w-aged microstructure (30 pet al') a transi­
tion from macroscopic brittleness to a marked ductility 
([Of = 0.31 at 170.2 = 1250 MPa) has been observed, 
when the grain size is reduced from 150 JLm to 10 JLm . 
A detailed microscopical study of deformation and frac­
ture has revealed a variety of slip and fracture modes. 
For the fJ-ST plus a-aged microstructures the grain 
boundary a film is the dominant parameter for fracture 
since the plastic strain is localized in this small volume 
leading to premature fracture and to low ductilities. In the 
(a + fJ) ST plus a-aged conditions the onset of fracture 
depends sensitively and in a complex wayan the combi­
nation of factors including the types of a(ap, a., SGBa, 
GBa), their morphologies, and volume fraction. 

It is concluded that several possible si tes with stress or 
strain concentrations exist in the microstructure, and which 
are active for void nucleation depends on the above combi­
nations. With increasing yield stresses (high volume frac ­
tion of a " e.g.), a pronounced tendency for matrix strain 
localization has been observed. This leads to crack nucle­
ation at increasingly lower strains at ap particles, which are 
cut by the localized deformation bands. An explanation is 
given based on different rates of strain hardening in the a, 
and fJ-phase which lead to high stress concentrations at the 
a,-f3 interfaces at a colony boundary and to a transition of 
slip through the interface (Figure 15). Voids also have been 
observed at the interface between a j and f3 . especially at 
lower yield stresses as well as at the sites where sub­
boundaries impinge on the ap-particles. Both observations 
are explained by increased stress concentrations at the par­
ticular sites. 

In the w-aged conditions during plastic deformation the 
coherent w-particles are sheared by moving dislocations , 
which leads to planar slip with high stress concentrations at 
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the slip barriers like grain boundaries and interfaces between 
ap and w-aged matrix. Reducing the slip length by a de­
creasing grain size can improve the ductility considerably. 
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