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VOID INITIATION PRECEDING DUCTILE FRACTURE IN POLYCRYSTALLINE TITANIUM

ko Sacend

Marjorie A. Erickson and Heinz G. F. Wilsdorf
Department of Materials Science
University of Virginia
Charlottesville, Virginia 22901

1. INTRODUCTION

e 2R .

While void initiation has been covered in fair detail for particle
containing alloys [1,2], experimental evidence in pure or relatively pure
polycrystalline ductile metals has received only scant attention, except for
& fracture at higher temperatures [3]. Under creep conditions grain boundary
sliding often leads to void formation at grain boundary triple points (GBTP)
{ and theoretical models for the high temperature regime have been published
[4,5]. One cannot expect that these mechanisms are operative in high melting
i point metals at room temperature, and plastic deformation has been invoked for
void initiation by assuming the development of pile-ups when dislocations were
t unable to penetrate grain boundaries (6,7,8]. Also, grain boundary ledges
have been thought to initiate microcracks [9]; other mechanisms are based on
‘ crossing slip bands [10], or intersecting twins [11], and bend planes [7,12].

The present investigation has as its objective to determine the locations

of primary void initiation sites. Fracture experiments were made with C.P.

titanium under tensile loading, and fracture surfaces were examined with a
scanning electron microscope (SEM). The crack path in most metals is a
tortuous one, and this is particularly true for titanium. It was found neces-
sary to employ stereo-photogrammetry in order to obtain true measurements of

fracture surface features.

2. SAMPLE PREPARATION AND EXPERIMENTAL PROCEDURE

Tensile samples were prepared from a 0.198 cm thick sheet of C.P.

titanium. The material was 99.838% pure with an impurity content that

included 0, NZ’ c, H2 and Fez. After polishing the gauge sections of each

sample with grit size decreasing to 600 grit and heat treating, the gauge

%
Current Address: David W. Taylor Naval Ship R&D Center, Annapolis o
Laboratory, Annapolis, Maryland 21402-5067. "y

LI I KL S R Y
SRR AT AT AR R P AP DU S P P
DA D T T i W R Y G, P NN ]

L A R
e e e T e et e Tt e Te et e
LIS PV Pt we YN R v




lengths and cross-section areas of each sample were carefully measured. Once
fracture occurred pieces containing the fracture surfaces were carefully cut
approximately 0.5 cm from the fracture edge and mounted onto an aluminum
specimen stub for subsequent SEM study.

A range of heat treatments was done to vary the grain size of samples to
allow a study of grain size versus tensile properties and fracture surface
characteristics. Because of sample purity only the a-phase of Ti is present
at room temperature, so stress relief, recrystallization and grain control
were the primary goals of heat treating.

Ten samples were prepared for study. Heat treatments were designed to
cause a variation in grain size from 13 um to 1300 um. Table 1 1lists the
various samples with the heat treatment they were given and their resulting
grain size.

To prevent oxygen from diffusing into the samples during heat treating,
each sample was enclosed in a quartz tube evacuated to leO—7 torr.

For grain size determination, a piece from the shonlder of each sample
was cut, mounted onto an SEM stub, encased in epoxy, and polished and etched

in a solution of 10 ml HF, 5 ml HNO_ and 85 ml distilled water for 14 minutes.

3
The tensile specimens were pulled to fracture on an Instron Universal

Testing Machine. The crosshead speed was either 0.05 cm/sec or 0.005 cm/sec.

Load vs. time was recorded and from this tensile properties were determined.

Fractographs of the entire surface were taken of opposing surfaces at low
magnificatjons, using stereo techniques, as references for future higher
magnification micrographs. These low magnification fractographs were also
used to measure final cross-sectional area at the fracture to determine the
reduction in area of each sample.

A number of pictures were taken at higher magnifications (300x to 1000x),
using stereo techniques to enable a detailed three-dimensional study of the
fracture surface. Thus, fracture surface features could be determined
accurately by making measurements of relative height as well as relative
horizontal distances.

Studies of microstructures were related to studies of fracture surface
features to pinpoint primary void initiation sites in a-Ti. Five to ten
micrographs of each sample, polished and etched for grain size measurements,
were enlarged and used to determine grain size using the grain boundary-line

intercept method. These pictures were also used to measure intertriple point
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TABLE I

Q GRAIN SIZES OF FRACTURE SPECIMENS
¢
. SAMPLE HEAT TREATMENT Average Grain Size Range
f‘,
- 1 4 hr. at 700°C 13 um 1-55  um
furnace cool
2 4 hr. at 700°C 21 um 2-72 um
air cool
£ 3 2 hrs. at 700°C 46 um 7-188 um
air ccol
f- 4A 2 hrs. at 1000°C 178 um 30-1210 um
’ air cool
4B 2 hrs. at 1000°C 200 um 27-1215 ym
' air cool
. 5A 5 hrs. at 1175°C 427 um 40-1550 um
- furnace cool
5B 5 hrs. at 1150°C 420 um 35-1490 um
r furnace cool
6 84 hr. at 1150°C 792 um 70-1880 um
A furnace cool
8
. 7A 20 hrs. at 1150°C 1247 um 82-2150 um
furnace cool
‘ 7B 20 hrs. at 1150°C 1310um 79-2120 um
furnace cool
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distances by direct measurements. Measurements were made over areas of ~1000
um2 for small grained samples and 10002 - 20002 um2 for larger grained sam-
ples.

Measurements of dimple diameter and inter-dimple distances were taken
directly from stereo micrographs which allowed evaluations in 3-dimensions.
Dimple diameters were taken as the line through the center of the dimple
perpendicular to the long axis of the dimple. Interdimple distances were
measured from the center of one dimple to the center of an adjacent dimple
taking relative height variations into account by making measurements using a

Hilger-Watts stereo viewer.

3. RESULTS

Significant mechanical properties of typical tensile samples are listed
in Table 2.

An evaluation of measurements obtained from SEM fractographs indicated
immediately that in small grain specimens interdimple distances corresponded
primarily to intertriple point distances. This can be clearly seen in Fig. 1;
the measurements were taken from specimens 1-3 with average grain sizes of 13
um, 21 um, and 46 um, respectively. The fit of the second peak of interdimple
spacings with intertriple point spacing peaks is amazingly good. Notably,
there is on each of these graphs a higher peak for interdimple spacings which
lies between 1 um and 3 um. The significance of this maximum peak will be
discussed in the following section. Figure 2 gives an impression of dimple
size distributions in a fracture surface of specimens having grain sizes below
50 um.

The character of fractographs changed drastically for specimens with
grain sizes of 200 um and larger (Fig. 3). Instead of only a broad distribu-
tion of dimple sizes over the whole fracture surface, elongated ridges are
also seen over a relatively large area. Dimple size distributions for four
grain sizes are given in Fig. 4. For these samples, interdimple distances and
intertriple point distances are unrelated although the maximum peak of the

first group is retained at 1 um to 3 um. The change in the fracture surface

1 ]

characteristics between specimens with "small" and '"large" grains indicates

the presence of two distinct mechanisms of void initiation.
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Fig. 2. SEM fractograph of specimen #2 having an average grain size of 21 ;__‘
um. Range of grain sizes from 2 to 72 um. The bottom levels of '-:]

dimples A, C and B are at 10 um, 5 um and O base, respectively, as -

determined by stereo-photogrammetry. The ridge on the right of
dimple B (arrow) is almost 40 um higher than the bottom level of B. 3
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Fig. 3. SEM fractograph of specimen #7A with average grain size of 1,250 um. >1
Note numerous dimples in the center area and grain boundary ledges 0
at lower right. Range of grain sizes: 82 um to 2,150 um. .:}]
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E. The measurements displayed in Fig. 1 and 4 were made from stereo-pairs.
[ A simple addition to a flying spot stereo-microscope made it possible to draw
topographical maps of fracture surfaces. An example is given for a rather
simple fractograph, Fig. 5, for which a stereo-pair is shown. The corre-~
sponding topographical map is given in Fig. 6. While stereo-viewing conveys a
distinct three-dimensional impression of the general layout of a fracture
surface and also of individual dimple geometries, it would not have been

possible to conceive the large difference between the lowest points of the

dimples. The largest height difference measured in this micrograph amounts
- to 40.8 um. Dimple #1 has an average depth of 24 um while dimples #2 and #3
- have average depths of 13 uym and 10 um, respectively. The stereo-photo-

grammetry revealed not only that the dimple depths are different by larger

amounts than what the eye had perceived but that the base surface is inclined,

i.e., it increases from top right of Fig. 5 to bottom left. The even greater

ki complexity of the topography in large-grained specimens is now appreciated and
stereo pairs are essential for their evaluation.

- For a complete evaluation of fracture surfaces, however, one has to go 3

one step further. From the irregular features seen in all stereo-micrographs,

one must draw the conclusion that the growth of voids depends on local stress

'i conditions at a microstructural scale and consequently is anisotropic.

Therefore, one can expect that matching fracture surfaces will 1look ;

& differently, and the drawing of contour maps has shown this convincingly.

Figure 7a depicts a cut through contour maps of matching fracture surfaces.
In order to classify the difference in the features of these matching
surfaces, the vertical scale has been enlarged by a factor of five. The true

profile for the "lower" surface is shown in Fig. 7b.

4. DISCUSSION

The immediate problem is to rationalize the effects of grain boundary
structures on void initiation. The dimple measurements show that there are
two relationships between interdimple distances and intertriple point dis-
tances: one group with grain sizes below 50 um has an almost perfect corre-
spondence between these data points, while for another group with grain sizes
above 200 um this relationship is not the dominating one.

Crack initiation at triple points is common in creep as first explored by

Zener [13]; here grain boundary glide was involved and thereby a triple point

10
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Fig. 6. Topographical map constructed from stereo-pair shown in Fig. 5. For
details of mapping see M.S. Thesis of Marjorie A. Erickson, Univ. of
Virginia, 1983.
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Fig. 7(a) Upper and lower profiles of a cross-section of a fracture surface
taken by SEM from specimen #3. Note differences between the two
profiles. Clearly, a characterization of fracture surfaces requires
stereo-photogrammetry of corresponding fractographs. Vertical axis

magnified by a factor of five. See lower profile at 7(b) for normal
scale.
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becomes the obvious location for a stress concentration. Movement between
grains along their boundary is not to be expected in titanium at room tempera-
ture. However, incompatibility stresses between grains [14] should be high at
triple points. In-situ straining in a TEM showed that the first glide dislo-
cations are often generated at triple points (see Fig. 8 [15]), and slip lines
have been seen to originate at triple points [16]. Recently Kurzydlowski et
al. concluded on the basis of in-situ TEM work in stainless steel that the
emission of dislocations from a triple point occurs at a stress of G/320, with
G the shear modulus [17]. These authors claim that the stress concentration
factor of a triple point is not far from 2.8 [17,18]. All of this indicates
that after extensive deformation, a triple point represents an exceptionally
high local stress concentration in a polycrystalline material. In addition,
it is known that impurities reduce the energy in grain boundaries [19] and
this most likely applied to our case. The experimental result that grain
boundary triple points have been the primary sites for void initiation is thus
understandable. The question now to be treated is concerned with the
observation that for specimens with grains larger than 200 um this does not
hold.
Since the reduction in area for all specimens was 60% or higher, the

plastic deformation in the neck was substantial. Titanium deforms at room
temperature by prism glide, {1010} <1120>, and by twinning on six planes [20];
the most frequently observed twins have {1012} and {1122} as composition
planes. The influence of twinning on void initiation has to be included in

our deliberations since it is well known that twinning plays an important role

in larger grained titanium while deformation twins have not been seen in small
grained titanium [21]. Mechanical twinning will occur in Ti for {1012}
<1011>, for example, by stresses in tension parallel to the c-axis and corre-

spondingly for compression stresses perpendicular to it. That both types of
stresses can act at grain boundaries cannot be doubted since after even modest
strains, grain boundaries will have developed ledges, the stress fields of
which have been calculated by Das and Marcinkowski {9]. Amateau et al.
reported the occurrence of twins in a~Ti (02 = 0.25% as compared to our O, =

2
0.102%) after a strain of 4.8% for specimens with grain sizes comparable to

our specimen #& [22]. These authors identified "thick" twins as {1012} and

14
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8. Initiation of first dislocations at triple point area upon straining
at 304 stainless steel foil. In-situ TEM experiment.
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{1122} types and "thin" twins of {112x} types with x = 1, 3, or 4 (second

order twins) in accordance with the findings of Rosi et al. [23]. The second
order twins were seen in the {1152) twins and the crack nucleation occurred

between second order twins and matrix based on observations by light micros-
copy at 1S0°K. Figure 9 shows a fracture surface in support of this
mechanism. In stereo-viewing one can see a fine ridge structure with a

spacing of a few micrometers lying within larger bands 10 um to 30 um wide.

The latter fit the description of the "thick'" {1122} twins and the finer
lamellae the secondary twins. A grain boundary is indicated by arrows.
Intergranular fracture obviously has produced the relatively flat area marked

A. Arrows B are pointing to two deep microcracks. While Fig. 9 represents an

extreme case of crack initiation by twinning processes, Fig. 10 is indicative
of slip and twinning which are both present in areas about a few hundred
micrometers across where void initiation by glide and initiation of micro-
cracks by twinning operated in close proximity in grains between 200 and 1,300
Mm.

In Fig. 11 we have plotted the maxima of interdimple spacings against
grain size and one can see that the interdimple spacing follows the grain size
for the grains and then levels off regardless of grain size. All measure-
ments of interdimple spacings have been made from only those areas of fracture
surfaces which showed full ductility. As seen from Fig. 4, the broad
distribution of dimples is not uniform but shows in addition to the maximum of
about 50 um a number of smaller peaks. The same is true for the intertriple
point spacing with its maximum near the average grain size. It should be
noted that for the four grain sizes (Fig. 4) a small peak of intertriple point
spacings coincides with a peak of interdimple spacings. Again the indication
is that triple points remain important void initiation sites. However, other
void initiation processes are now more competitive. Besides initiation sites
at grain boundary ledges and secondary twin-matrix intersections, other
processes must have been active. The "bend plane' mechanism is normally cited
as an important crack nucleation model for hexagonal crystals but is not
applicable for highly strained polycrystalline Ti since that mechanism is
based on bicrystal studies in zinc at low temperatures where cracks appeared
parallel to the basal plane after elongations to fracture of only 0.5% to 2.8%

[12]. All of our samples showed multiple glide in the necked region which

16




Fig. 9. SEM fractograph indicative of primary and secondary twinning as a ~
cause of fracture. :1
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Fig. 10. SEM fractograph showing ridge structures due to twinning and/or

glide. A reasonable smooth surface (i.e. without dimples) rises

o almost perpendicular and indicates a brittle component of the
fracture process; this plane is indicated between arrows.
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means that extensive glide was produced by a number of glide systems crossing
each other. 1Microcrack initiation at slip intersections in close packed
crystals has been considered as one of the most important void initiation
mechanisms [10], and it is proposed that this mechanism also participates in
polycrystalline Ti. The significant peak for interdimple spacings in Fig. 4
is consistently at or near 50 um in larger grain size material and gives
credence to a glide crossing mechanism for prime void initiation sites for
large-grained Ti.

Close inspection of SEM fractographs shows that the largest number of
voids grows only to a diameter of about 1 pm as documented by the highest
peaks for interdimple spacings in Figs. 1 and 3. Earlier work on the initia-
tion of microcracks in heavily workhardened metals and alloys [25,26,27,28,29]
pointed to the importance of dislocation cell walls for microvoid initiation.
This is exactly the situation in the micro-ligaments betwecn the large voids
discussed so far. Here £>1 on account of the continuous reduction in thick-
ness of the micro-ligaments to a few micrometers. A detailed description of
microvoid initiation and growth has been given elsewhere [30]. The micro-
dimples under discussion are seen primarily on the rims of larger dimples and
indicate areas where localized rupture has taken place.

A determination of the profile of a dimpled fracture surface can provide
information as to the precise sequence of void initiation, provided the
resolution of the technique is high enough to discern the relationships
between dimples for the two opposite fracture surface profiles. The profiles
in Fig. 7 have been evaluated for a time sequence by first '"closing" the
fracture, i.e., moving the upper and lower profiles over each other so that no
white areas remain; then moving the profiles apart, one can monitor the
initiation sequence (see Fig. 12 for the appearance of initiation of voids
[1-3]). Measuring the whole sequence of 16 initiation sites yields an average
distance between sites of nearly 10 um. With an average grain size of 13 um
in this specimen the claim of triple points as primary initiation sites (see
Fig. 1) is verified within the error limits. This determination was made
under the assumption that void growth is proportional to time, and that the
profile would be going through the center of the dimples which is, of course,
not fulfilled. A more careful analysis would involve profiling at close
intervals which, if done for a larger part of the fracture surface, would

contribute to the quantitative topographical characterization of the time
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Use of fracture surface profiles for determining void initiation
time sequence. Vertical axis magnified by a factor of five for
clarity.
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sequence of void initiation. This measurement is adding the dimension of time

to the study of voids in fracture surfaces at microscopic resolution for the

first time.

5. CONCLUSIONS

(a)

(b)

(c)

(d)

(e)

In specimens up to grain sizes of 50 um, grain boundary triple
peints are primary void initiation sites.

When grain sizes range between 200 um and 1,300 um additional void
initiation sites are provided by twin intersections, glide band
intersections, dislocation interactions with grain boundaries, and
grain boundary ledges.

Microvoids are seen at the rims of dimples and between dimples; they
are due to initiation at dislocation cell walls and occur during
rupture at the final separation.

The time sequence of void initiation can be derived from fracture
surface profiles which were constructed from quantitative
topographical information.

It has been demonstrated that quantitative stereo-photogrammetry for

the characterization of fracture surfaces is mandatory.

(2]
to
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