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Abstract

In this study, the hardness and the microstructure ahdp-pure Ti treated with different grain sizes were investigated.aFiéspecimens
were obtained by heating pure Ti at 78Dfor various periods and then quenched in water, whilg3tié specimens by heating at 1000
for various periods and then quenched in water. Experimental results show that the hardn@sdexfreased with increasing the grain size;
whereas, the hardness @fTi tends to increase with increasing grain size. From the microstructures examined with transmission electron
microscope, it can be realized that the strengthening mechanismsanfd 3-Ti are quite different. Grain boundary could be the main
strengthening microstructure afTi and the smaller grain size the higher hardness. The major strengthening microstrug@tife veés
martensitic twin with a very high dislocation density. The amount of martensitic twin increased with increasing the graiBsizeuod,
therefore, the larger grain size the higher hardness.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction tance are usually attendant on the higher hardness. It is ac-
cepted that refining the grain size, increasing the dislocation
Pure Ti is widely used as the construction material in densities and inducing the hardening precipitates in the ma-
chemical and biomedical engineering owing to its superior terial are the generally recommended methods to increase the
corrosion resistance and appropriate mechanical propertiestrength and the hardness of a given mat§riad]. However,
[1-3]. Generally, pure Ti can exist in two crystalline struc- so far we know that scare literature has been mentioned about
tures[4], namely hexagonal close-packed (hcp) and body- the hardness variation af andp-Ti specimens with respect
centered cubic (bcc) structures. At room temperature, pureto the grain size. In present work, this hardness variation is
Ti has a hcp crystal structure. This structure tends to trans-investigated together with the results of the microstructure
forms to a bcc crystal structure at the temperature aboveexamination with transmission electron microscope (TEM).
883°C, which named as thg-transus temperature. A quasi- Especially, a strengthening microstructurepsfi is intro-
equilibrium martensite structure could be obtained as Ti be- duced in this study.
ing heated higher thgrtransus temperature and then rapidly
cooled to low temperatut®,6].
Due to the convenience in measurement, hardness is gen2. Experimental procedure
erally used to represent the strength and wear-resistance level

of a material; the higher strength and the higher wear resis- Commercial pure Ti (ASTM Grade 2) bar, 16 mm in dia-
meter and 100 mm in length, was utilized in this study with its

chemical composition given ifable 1 The as-received pure
* Corresponding author. Tel.: +886 3 2118800x5346. Ti bars were further heat-treated to obtaiand-Ti. The
E-mail addressgfehu@mail.cgu.edu.tw (C.A. Huang). «-Ti specimens with different grain sizes can be achieved by
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Table 1 sample was so thin that made TEM examination and analyz-
The chemical composition of pure titanium (ASTM Grade 2) used in this ing feasible.

study

Elements wit%

c 0.1 3. Results and discussion

H 0.015

o] 0.25 . -

N 0.03 3.1. Microstructural characteristics

Fe 0.3

Ti BAL Fig. 1a and b shows the SEM and OM micrographs of

etched surface morphologies of theTi specimen heat-
treated at 750C for 1 and 240 h, respectively. The etched
heating the as-received bars in the air furnace at'Csfor surface with deeply etched gain boundary attack and rela-
different times varying from 1 to 240 h and then quenchingin  tively shallow grain etching af-Ti can be observed ifig. 1
a 25°C water bath. Similarly, thB-Ti specimens with differ- Besides, it can be seen froRig. 1, the grain sizes o&-Ti
ent grain sizes were obtained by heating the as-received bargpecimens increase with increasing the heating time. It means
at1000°C for 1-240 hand quenching in water. AlthougiTi that the metallographic etching method can be successfully
structure was still developed when specimens were quenchedised to reveal the grain size @fTi specimen. Micrograph
from 1000°C into water, we name them @sTi in this study ~ of B-Ti heat-treated at 100@ for 240 h is shown iffFig. 2a,
to differentiate thex-Ti specimens, which were quenched in which only very large equiaxed grains g Ti specimen
from 750°C. can be foundFig. 2b and ¢ shows the SEM micrographs
After heat treatment, the bar specimens were sectioned inof etched surface morphologies @tTi specimen heat-
disc type, 16 mm in diameter and 10 mm in length, for hard- treated at 1000C for 1 and 240 h, respectively. The SEM
ness test, grain size measurement and microstructure exam-
ination. The hardness test was conducted using Matsuzawa _
Digital Microhardness Tester (Model MXd7e) with an in- \w
denting load of 500 g. The mean hardness and its standard&
deviation were calculated through six measurements made g
in arbitrary positions, roughly—evenly distributed, on the sur- S8
face of the disc specimen. LS -’

was mechanically polished to 1200 grid finish and then
immersed in an etchant composed of 10 mL KOH (40%),
5mL HxO, and 20 mL BO at 60°C for 30 min. The grain
size of a- and B-Ti specimens were statistically evalu-
ated by linear-intersection methdi0,11], by which OM
micrographs were taken on five, evenly separated, posi- &
tions from the middle surface of the disc specimen. A §
set of parallel lines with equal distance of 1cm was then
drawn on these five micrographs. The grain size of the —~
specimen was calculated based on the number of inter- &3
sected points obtained from the parallel lines and grain
boundaries. Then, the length of the total parallel lines
was divided by the total intercepted points, the as-obtained
length then multiplied the magnification of the micro-
graph and gave the mean grain size. The metallographically 8
etched surfaces af- andB-Ti specimens were also exam-
ined with scanning electron microscope (SEM, Hitachi S-
3500N).

The microstructures of Ti specimens with different grain
sizes were examined with transmission electron microscope
(TEM, Jeol 2000 FX). The TEM samples were prepared using
a twin-jet electrochemical cell (Fischion Instruments Inc.).
The jet-polishing was conducted in an electrolyte composed
of 60vol% methyl alcohol, 35 vol%-butanol and 5 vol%
perchloric acid at 30 V across electrodes until a tiny hole was Fig. 1. Micrographs of-Ti for specimens heat-treated at 78Dfor (a) 1 h,
produced in the middle of the specimen, around which the SEM and (b) 240 h, OM (etched specimen).
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micrographs show only part of the grain interior and appar- in Fig. 2c, thea-Ti laths presented in@-Ti grain intersected

ently eachB-Ti grain comprised many elongatedTi laths
and the width of the lath if-Ti grain increased with increas-
ing heating time at 1000C. In addition, it can be clearly seen

Fig. 2. Micrographs of3-Ti for specimens heat-treated at 10@for (a)
240h, OM (b) 1 h, SEM and (c) 240 h, SEM (etched specimen).

each other and assumed many shaped triangle morphologies.
Researchefb,15] have indicated that the high cooling rates
would lead to a martensite transformation of the Ti-alloys.
The lath thickens relatively slowly than grows along lath axis
during cooling, leading to the metallographicaly orientated
interlaced lath morphology.

3.2. Grain size determination

Fig. 3shows the grain size variation af and-Ti spec-
imens heat-treated for different times at 750 and @O0
As-expected, the grain sizes of bathandp-Ti specimens
increase with increasing the heating time. The grain size of
30pm can be detected when the as-received Ti specimen was
heated at 750C for 1 h and 8Qum for that of 240 h. When the
as-received Ti specimens were heated at 2@)Qhe grain
size of 3-Ti reaches as high as 7@@n for 1 h and 225@.m
for 240 h. The much larger grain size@®fTi can be ascribed
to the higher grain growth rate gfTi in the thermal activated
process at 1000C. Furthermore, Gil et a]9] has proved that
the activation energy for grain growth B£Ti was relatively
low when heated at temperatures higher tRaransus tem-
perature. However, it must be noted that ep€hi specimens
were composed of many elongated lathig)( 2b and c¢). That
is, the elongated laths were developed fropt & grain dur-
ing quenching from 1000C, and the smaller grain, the finer
width of the elongated lath.
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Fig. 3. Grain sizes ok- andB-Ti specimens after heat-treating at 750 and
1000°C for different times then quenching.
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3.3. Microhardness =B

The hardness variation af andp-Ti after different heat-
ing times was presented iRig. 4. It can be clearly seen
from the figure that the hardnesswfTi specimen decreases
rapidly initially then slowly with the increasing heating time
at 750°C. From the results shown [igs. 3 and 4it can be
seen that the-Ti specimen with larger grain size has rela-
tively low hardness than that with relative small grain size.
Thisresultisin agreementwith the well-known strengthening
mechanism through grain refinem¢§h2,13] Contrary to the
hardness variation ef-Ti specimen, the hardness of {e€Ti
specimen increases with increasing heating time at 1600
Although the grain sizes @-Ti specimens are much larger
than those ofv-Ti specimenskKig. 3), the hardness ¢-Ti
specimens is much higher than thabefli specimens. This
can possibly be attributed to the formation of many elongated
fine laths, which developed during rapid cooling from a tem-
perature above thg-transus temperature and the elongated
lath boundaries can also impede dislocation migration, as
grain boundary does, leading an increase of hardness. How-
ever, the increase in lath width with increasing heating time
(Fig. 2) would reduce the total lath boundary area, leading
theoretically to a decrease in hardness, this obviously con-
tradict to the result shown iRig. 3for B-Ti. Consequently,
there would possibly be other strengthening microstructure
presented i-Ti specimens, especially in the specimens with
larger grain sizes. It would therefore be helpful to conduct
TEM investigation of the microstructure of Ti specimens with

different grain sizes.

3.4. TEM examination

Fig. 5a and b shows the TEM micrographsiTi, with
distinct grain sizes, heat-treated at 7&0for 1 and 240 h,

Fig. 5. TEM micrographs ob-Ti after heating at 750C in (a) 1 h and (b)
240 h, respectively (plane-view specimen).

respective'y. On|y low dislocation density can be observed !‘nicrOStI’UCtureS except diffel.’ence in their grain Sizes. ThL!S,
(F|g 5)' that iS, there are no other possible Strengthening it can be reasonably reCOgr"Zed that the main Strengthen|ng
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Fig. 4. The microhardness variation®fandp-Ti specimens after heating
at 750 and 1000C for different times then quenching.

factor for thex-Ti specimens is the amount of grain boundary
area in the specimens; therefore, the smaller grain size, the
higher hardness.

The TEM micrographs oB-Ti specimens with different
grain sizes were presented filg. 6. As shown inFig. 6a,
no presence of specific strengthening microstructurp-in
Ti specimens heated for a short timg12 h) at 1000C
were detected. Surprisingly, some martensite with very high
dislocation densities, as viewed froRig. b and c, pre-
sented in thgd-Ti specimens heated at 1000 for a longer
time (>24h). It can be found the width of the marten-
site increased with increasing grain sizefi. It means
that a large grain size @-Ti is required for the presenta-
tion of the martensite through rapid cooling from 10@)
The martensite was identified with selected area diffrac-
tion (SAD) pattern using electron beam. The SAD pat-
tern shown in the corner dfig. 6¢c presents an hcp struc-
ture, the same as alpha phase, in the zone axis 21.7l.
Apparently, there was a very high dislocation density in
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Fig. 6. TEM micrographs o8-Ti after heating at 1000C in (a) 1 h, (b) 72 h and (c) 240 h, respectively (plane-view specimen).

the martensite alpha phaskid. 6c). It is interesting to creased with increasing the heating treatment time at 1000
find that the hardness of these specimens was raised ap(Fig. 6b and c). In summary, moreover, the martensite with
parently Fig. 4). It is well known that the microstructure high dislocation density was reckoned as the main strength-
with a very high dislocation density can effectively impede ening microstructure of thg-Ti specimens.

dislocation migration. Thus, a reasonable interpretation of

the hardness increase BfTi specimens with large grain

sizes is the presence of these martensite twins in the spec4. conclusion

imens.

Several researchefs,14,16]have reported that marten- In this study, the main strengthening microstructures of
site structure can be achieved in Ti-6Al-4V alloy whenitwas pure o- and B-Ti specimens with different grain sizes are
rapidly cooled from the temperature ab@«ranus temper-  elucidated and differentiated. The former is strengthened by
ature. In this study, however, we confirm that the marten- grain refinement; while the latter by martensite formation in
site structure with a very high dislocation density can also the elongated lath structure. The martensite structure and high
be formed in pure titanium, which is rapidly cooled from dislocation density can be detected@Ti specimens with
1000°C and transformed into elongated lath within a very relative large grain sizes by heating at 10a0then rapidly
large grain size. The width and amount of martensite in- quenching in water.
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