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Effect of milling time on microstructure of Ti35Nb2.5Sn/10HA
biocomposite fabricated by powder metallurgy and sintering
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Abstract: A new S-Ti based Ti35Nb2.5Sn/10 hydroxyapitite (HA) biocompatible composite was fabricated by mechanical milling
and pulsed current activated sintering(PCAS). The microstructures of Ti35Nb2.5Sn/10HA powder particles and composites sintered
from the milled powders were studied. Results indicated that a-Ti phase began to transform into $-Ti phase after the powders were
mechanically milled for 8 h. After mechanical milling for 12 h, a-Ti completely transformed into f-Ti phase, and the ultra fine
Ti35Nb2.5Sn/10HA composite powders were obtained. And ultra fine grain sized Ti35Nb2.5Sn/10HA sintered composites were
obtained by PCAS. The hardness and relative density of the sintered composites both increased with increasing the ball milling time.
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1 Introduction

Recently £ titanium alloys are considered one of the
valuable materials for medical implants and prostheses
due to their excellent biocompatibility, good corrosion
resistance and appropriate mechanical properties,
moreover, f titanium alloys have lower elastic modulus
[1,2] than traditional metal biomaterials. Tissue reaction
studies have identified Ti, Nb, Zr, Ta and Sn as non-toxic
elements as they do not cause any dangerous reaction in
human body [3.,4]. Metastable § Ti-Nb based alloys are
promising as biomaterials for human bone implants
because of the low elastic modulus as well as high
corrosion resistance and minimal cytotoxicity. Several
metastable f Ti alloys based on the Ti—Nb system, such
as Ti—13Nb—13Zr [5], Ti—-35Nb—5Ta—7Zr [6] and
Ti—29Nb—13Ta—4.6Zr [7], have been developed for
biomedical applications, but elastic modulus of these
alloys (55—85 GPa) is still higher than that of the human
bone (10—30 GPa) [8]. Moreover, most of developed

alloys with low elastic modulus have low strength [6].
Ti—Nb—Sn alloys, such as Ti—35Nb—xSn, Ti—40Nb—xSn
have been studied as biomaterials [9, 10]. From these
researches it can be found that TiNbSn alloys have a low
elastic modulus and high strength. But like all metallic
biomaterials, TiNbSn alloys have poor biological
activity.

It is very known that hydroxyapatite (HA,
Ca;o(PO,)¢(OH),) has similar chemical component to the
inorganic phases of bones and teeth, so HA is a good
bioceramic material. And the HA has excellent
biocompatibility with hard tissues [11]; however, the
mechanical properties of HA are very poor.

Mechanical alloying (MA) is a solid-state powder
metallurgical process in which elemental powders are
alloyed by repeated deformation/cold welding/ fracture
mechanisms under frequent mechanical impacts. The
milling time is the most important parameter of MA and
is responsible for the final constitution of powders,
microstructure and mechanical properties of a particular
alloy [12]. PCAS is a rapid sintering technology and it
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could inhibit grain growth and contamination for long
sintering time and high sintering temperature during
conventional sintering technology.

In the present work, we used high energy
mechanical ~ milling (HEMM) to  synthesize
Ti35Nb2.5Sn/10HA composite powders by milling for
different time, and then fabricated bulk composite
samples by pulsed current activated sintering (PCAS)
using the milled powders. The sintered composites are
expected to combine the bioactivity of hydroxyapatite
and the mechanical properties of Ti-based alloys. The
effects of milling time on the microstructure and
hardness of sintered composites were studied.

2 Experimental

Elemental powders of Ti (99.9%, 150 pm), Nb
(99.8%, 45 pum), Sn (99.8%, 45 pm) and pure nanoXIM
HA powders were prepared as raw materials. The
powders were mixed together according to nominal
composition of Ti35Nb2.5Sn/10HA (mass fraction, %).
At first the initial powders were blended in a plastic jar at
a low speed (120 r/min) by a mechanical mixer (ABB
ACS 100) for 24 h, and then the blended powders were
milled for different time by HEMM in a SPEX milling
machine with stainless steel containers and balls in argon
atmosphere. The powders were milled for different time
from 4 h to 12 h respectively. Isopropyl alcohol was used
as process control agent (PCA) during the HEMM
process.

The as-milled powders were sintered by PCAS at
1100 °C in a vacuum chamber of 10~ Pa and a uniaxial
pressure of 60 MPa was applied during the sintering. The
sintered specimens were cooled in air.

The phases of the Ti35Nb2.5Sn/10HA milled
powders and sintered composites were investigated using
XRD with Cu K, radiation. The particle shape of the
milled  Ti35Nb2.5Sn/I0HA  powders and  the
microstructure of bulk specimens after sintering were
observed by scanning electron microscopy (SEM). The
Vickers hardness of the sintered composite samples was
tested at a load of 9.8 N for 15 s. The density was
measured by Archimedes’s principle.

3 Results and discussion

The XRD patterns of the Ti35Nb2.5Sn/10HA milled
powders are shown in Fig. 1. The XRD pattern of the
mixed powders (Fig. 1(a)) indicates that there are only
o-Ti, Nb, Sn and HA. This means that the mechanical
milling does not work at low blending speed and it is just
a mixing process. The XRD pattern for 4 h-milled
powders (Fig. 1(b)) exhibits the decreased a-Ti peaks’
intensity. With increasing milling time, the intensity of

a-Ti peaks decreases gradually. In the XRD pattern for 8
h-milled powders (Fig. 1(c)) the peaks of Sn disappear,
confirming that Sn has been soluble in Ti to form solid
solution of Ti(Sn). As a fS-stabilizing element, Nb would
help the S-Ti transformation during the HEMM process.
The XRD pattern for 12 h-milled powders shows that all
the peaks are £-Ti which formed solid solution with Nb
and Sn. The diffraction peaks of Ti in Fig. 1 are
broadened with increasing the milling time, because
grain sizes of these milled powders were refined with
increasing the milling time.
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Fig. 1 XRD patterns of Ti35Nb2.5Sn/10HA powders produced
by mixing and milling: (a) 24 h mixing; (b) 4 h milling; (¢c) 8 h
milling; (d) 12 h milling

The microstructural evolution of  the
Ti35Nb2.5Sn/10HA powders blended for 24 h and milled
for 4—12 h is shown in Fig. 2. Figure 2 shows that the
particle size decreases with increasing the milling time.
The blended particles are in plate shape and there are
many big particles. The surfaces of these particles are
DAP, as shown in Fig. 2(a) because there are no
mechanical alloying in this process. While the 4 h-milled
particles shown in Fig. 2(b) are change greatly, some
small fragments particles of HA, Sn and Nb were
inserted into the Ti particles; however, there are still
many big particles. The particles shown in Figs. 2(c) and
(d) show the powders for 8 h-milled and 12 h-milled
respectively, and these two milled powders are much
smaller and more rounded. Especially, the ultrafine sized
Ti35Nb2.5Sn/10HA powders were obtained in the 12
h-milled powders and the average size is about 200 nm.

Figure 3 shows the XRD patterns of the
Ti35Nb2.5Sn/10HA composite specimens sintered from
the powders ball milled for different time. The XRD
patterns show that a-Ti phase still exists in the composite
specimens sintered from 0 and 4 h-milled powders. But it
reduces gradually with the increase of milling time, a-Ti
peak almost disappears in the patterns of specimen
sintered from 12 h-milled powders, the peaks of -Ti
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Fig. 2 SEM images of mixed powder and milled powders: (a) 24 h mixing; (b) 4 h milling; (¢) 8 h milling; (d) 12 h milling
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Fig. 3 XRD patterns of Ti35Nb2.5Sn/10HA composites
sintered from different powders: (a) 24 h mixing; (b) 4 h
milling; (¢) 12 h milling

phase appear because of Nb which is a p-phase
stabilizing element. Nb can form homogenous solid
solution into S-Ti phase [13]. Also Sn can soluble in its
solid state in Ti and Nb to form solid solution. There are
some new phases formed in the sintered specimens at
high temperature, such as CaTiO;, Ti,O and Ti,P,. These
phases indicate that HA would react with Ti during
sintering process. NING [14] and ZHU et al [15] studied
the reactions in the Ti/HA sintered composites and
suggested that HA would decompose when it was
sintered at 1000 °C. Because the sintered temperature is
controlled at 1100 °C during the PCAS process, so the
reaction is suggested as follow [14]:

Ti+Cal 0(P04)6(OH)—>Ti20+CaTi03+CaO+TixPy

Figure 4 shows the scanning electron micrographs
(SEM) of the Ti35Nb2.5Sn/10HA composite specimens
sintered by PCAS using 24 h-mixed powders and 4 h-
and 12 h-milled powders, respectively. Elements Ti and
Nb distribute in distinct regions in the sample sintered
from 24 h-mixed powders (Fig. 4(a)) and the phase
region size is very large. This means all the elements
cannot alloy during mixing, and there are many pores
due to poor sintering. The microstructure of the sintered
specimen from 4 h-milled powders is shown in Fig. 4(b).
There are still different component regions, but phase
regions size is obvious smaller, and some cracks are
found. Figure 4(c) shows the microstructure of the
sintered specimen from 12 h-milled powders, compared
with those of the specimens sintered from 24 h-mixed or
4 h-milled powders, there is no obviously different
regions, the particles size and elements distribution in the
sintered specimens are very homogenous, and the grain
size is just about 200 nm in average. These results may
positively affect the physical and mechanical properties
of the specimens.

Figure 5 shows the Vicker’s microhardness and
relative density of sintered composite samples from
different powders. Both microhardness and relative
density increase with increasing milling time. The
microhardness of the samples sintered from 12 h-milled
powders is HV1153, which is much higher than the
others. The hardness of sintered samples is influenced by
many factors. Among these factors the most important
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Fig. 4 SEM images of composites sintered from different
powders: (a) 24 h mixing; (b) 4 h milling; (c) 12 h milling
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Fig. 5 Hardness and relative density of composites sintered
from powders with different milling time

one is milling time, because the grain refinement would
be improved with the increase of milling time. And the
supersaturated solid solution of Nb into Ti would also
increase in the samples sintered from 8 h-milled or

12 h-milled powders. The milling time also can affect the
density of sintered samples, and the relative density of
sample sintered from 12 h-milled powder increased to
96.34%.

4 Conclusions

1) The a-Ti would transform into f-Ti completely
after 12 h milling because of the mechanical alloying
during the high energy ball milling. Nb and Sn solid
diffuse into f-Ti to form Ti(Nb,Sn).

2) The ultra fine sized Ti35Nb2.5Sn/10HA powders
are obtained by high energy mechanical milling for 12 h.

3) Bulk Ti35Nb2.5Sn/10HA composites are
fabricated by pulse current activate sintering without
grain growth due to a short sintering time. And the bulk
composites sintered from 12 h-milled powders form ultra
fine grains, which also comprise many new phases, such
as Ti,0O, CaO, Ti,P, and CaTiOs.

4) The microhardness and relative density all
increase with increasing milling time. And the
microhardness and relative density of composites
sintered from 12 h-milled powders are HV1153 and
96.34%, respectively.
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Tk EE B 8] X K08 & il % Ti35Nb2.5Sn/10HA £ 4
£ &R LA 2R BY 5200

Foems 2, m4Eh MEF LA OHAEC, AAADE LA xERD?
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2. ME/RVE TP R2: 4R 5 Huhn T B SR 280 %, /RTE 1500015
3. bR e R TRERF IR, M 561756, WHilE
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