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Ti(0)-B4C diffusion couples and (TiC + TiB)/Ti(O) composites were prepared to study the accelerated
diffusion phenomenon and its influence at § transition temperatures (f;) of Ti matrix. Results show that
Ti(O) alloys can be successfully prepared from Ti and TiO, powder, and their f; can be regulated by
controlling O contents. Thickness of reaction products in Ti(O)-B,C reaches the maximum when it is
sintered at f, indicating that «/f transition of Ti matrix can accelerate the diffusion of atoms inside it.
Besides, (TiC + TiB)/Ti(O) composites have the highest size and number of reinforcements when Ti(O)-B,C
powders are sintered at f§, temperature, especially for TiB fiber, but its flexural strength and plasticity are
the lowest due to the interface stripping between the coarse reinforcements and matrix.
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1. Introduction

Ti alloys have attracted great attention for the high specific
strength, stiffness and excellent corrosion resistance in aviation,
aerospace and marine industries and medical instruments (Ref
1-3). However, the strength of pure Ti cannot satisfy the
increasing requirements of modern industry, resulting in
increasing attempts to explore high-strength Ti alloys by using
alloying elements, such as Al, Nb, V and Mo (Ref 3-6). The
most commonly used method to prepare Ti alloys is smelting
and casting, but the equipment is often very expensive because
of the strict requirements for vacuum conditions and crucible to
adapt to the high chemical activity of liquid titanium (Ref 2).
Besides this, the wear resistance of most Ti alloys is lower than
that of Ti composites (Ref 7). Subsequently, the introduction of
ceramic phases or intermetallics into Ti matrix is one of the
most important ways to improve the strength of Ti materials,
and many reinforcements have been successfully added into
titanium matrix, such as Al,O3, SiC, B4C, TiC, TiB, TiB, and
TiN (Ref 8, 9).

Compared with the ex situ method, the ceramic phase or
intermetallics introduced by in situ method have great advan-
tages in the interfacial bonding between matrix and reinforce-
ments, which facilitates the load transfer from matrix to
reinforcements and can extremely improve the strengthening
effect, thus becoming the hot research topic in titanium matrix
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composites at present (Ref 9). TiC, TiB and TiB, are considered
as the most ideal reinforcements for Ti matrix, since their
density and thermal expansion coefficient are similar to that of
Ti matrix and especially can be introduced by in situ reaction of
Ti-B4C powder system during the consolidation process of Ti
matrix composites (Ref 9). As a consequence, (TiC + TiB)/Ti
composite prepared by powder metallurgy method from Ti-B,C
powder system is one of the most commonly used methods in
the research field of Ti matrix composites due to the
abovementioned advantages of in situ reaction and the low
chemical activity of Ti matrix at solid state.

As well known, the sintering temperature, always above
1000 °C in most of the published work on Ti-B4C system, has
significant influence on the microstructure and properties of
powder metallurgy materials (Ref 9). The fabrication process of
(TiC + TiB)/Ti composites can be divided into two stages, viz.
the consolidation of Ti matrix and the in situ reaction between
Ti and B,4C, both of which depend on the diffusion behavior.
According to the classical solid diffusion theory, the higher the
temperature is, the higher the diffusion rate will be. Neverthe-
less, due to the great difference in self-diffusion coefficient
between o and f§ phases, an abnormal accelerated diffusion
phenomenon can often be observed near f§ transition temper-
ature (f;) of some special metals, which often have hcp
structure at room temperature but bcc structure at high
temperature, such as Ti, Zr, and Hf (Ref 10-12). This means
that the diffusion rate of solid solution atoms in these metals at
Py is even much higher than that at higher temperature. If this
accelerated diffusion phenomenon can be utilized, the sintering
temperature of Ti-B4C system can be effectively lowered,
which has a great potential in refining the microstructure,
energy conservation and emission reduction.

To better understand this accelerated phenomenon and
clarify its influence on the microstructure and mechanical
properties of the composites, Ti(O) solution alloys were firstly
prepared by adding TiO, into Ti matrix, and their f5; temper-
atures were measured by metallographic method. Subsequently,
Ti(O)-B4C diffusion couples were prepared under different
temperatures, and the accelerated diffusion phenomenon at f5;
temperature was studied in detail. Finally, (TiC + TiB)/Ti(O)
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composites were prepared from Ti(O)-B4,C powder system by
sintering near f3; temperatures, and the influence of accelerated
diffusion on microstructure and mechanical properties was
investigated.

2. Experimental Details

2.1 Determination of Decomposition Temperature of Ti0,
in Ti

Pure titanium powder ( = 99.5%, 20 um) and TiO, powder
(2 99.9%, 1 um) were used as raw materials. Firstly, Ti-TiO,
powder mixture with 5 wt.% TiO, was prepared by using a
rocking milling machine, where ZrO, balls were used and the
ball-to-powder ratio is 1:2. Then, the powder mixture was
sintered by a spark plasma sintering (SPS) machine at 500, 600,
700 and 800 °C for 30 min, respectively. The whole sintering
process was carried out in a vacuum environment lower than
6 Pa at an axial pressure of 30 MPa. Subsequently, microstruc-
ture and phase composition were characterized by scanning
electron microscopy (SEM) and x-ray diffraction (XRD).
Hardness was determined by micro-Vickers hardness tester
with load of 50gf and duration time of 30 s, and density was
determined by Archimedes drainage method. Based on the
above results, the decomposition temperature of TiO, in Ti
matrix can be determined finally.

2.2 Preparation of Ti(0) Alloys and their f; Measurement

Ti(O) solid solution alloys were prepared by adding TiO,
powder with different contents into pure Ti powder to adjust the
p transformation temperature of titanium matrix. First of all, Ti
and TiO, powder were mixed by rocking mill machine (RM-
05), and the amount of TiO, powder added was calculated
according to the content of O introduced, viz. 0, 0.25 and 0.5
wt.% respectively, where the parameters for powder mixing
were the same as that described in Sect. 2.1. Subsequently, the
mixed powder was sintered by SPS machine at 1000 °C for
30 min, under the same environment and pressure as mentioned
above. Finally, the sintered block was cut into cylindrical
samples with ¢10 x 12 mm for ff; measurement.

p¢ of Ti(O) solid solution alloy was determined by
metallographic method, referring to the National Standard of
China (GB/T23605-2009) (Ref 13), which was carried out in a
calibrated L-T1250S tubular furnace. Before the experimental
measurement, f3; of Ti(O) solid solution alloy was pre-evaluated
according to empirical formula (Ref 14), based on the contents
of oxygen and nitrogen measured by Oxygen—Nitrogen-Hydro-
gen Analyzer (EMGA-830). Firstly, the samples were heated to
different temperatures around the pre-evaluated f, with a
heating rate of 10 °C min~' and then held for 30 min at the
target temperature under an argon protection environment.
Secondly, the samples were quickly quenched into a water tank
with a temperature below 25 °C within 5 s. Finally, metallo-
graphic investigation was carried out, and then the correspond-
ing water-quenching temperature is confirmed as the f; of Ti(O)
solid solution alloy when the volume fraction of residual
primary o-Ti phase is less than 5%.
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2.3 Preparation and Characterizations of Ti(0)-B,C Diffusion
Couple

In order to study the influence of sintering temperature on
the reaction behavior between Ti(O) and B4C, Ti(O)-B,C
diffusion couples were prepared as follows. Firstly, B,C
powder (= 99.9%, 0.5 um) was used as the raw material to
prepare block sample with @15 x 5 mm by SPS sintered at
1800 °C for 15 min, where the other processing parameters
were the same as above. The B4C block was polished and
cleaned by acetone solution on surface and then placed onto the
inferior punch of SPS module. Subsequently, mixture of pure
titanium and TiO, with nominal oxygen content 0, 0.25 and 0.5
wt% was filled into graphite mold and sintered by SPS. The
assembling method of graphite dies and raw materials were
described in our previous work (Ref 15). At the beginning of
sintering, the sample was held at 800 °C for 30 min, enabling
TiO, to decompose and dissolve into Ti matrix to form Ti(O)
alloy. After that, the sintering temperature was further increased
to around the f; of Ti(O) alloys (f;—90, p—40, S, and
P + 30 °C) and held for 0, 0.5, 1 and 1.5 h, respectively. For
Ti(O) alloy with a given oxygen content, 16 Ti(O)-B,C
diffusion couples were prepared by sintering at different
temperatures and time lengths under the same environment
and pressure as above. Finally, metallurgical investigation was
performed on the longitudinal section of diffusion couples, and
then the phase composition of products was studied by TEM
selected-area electron diffraction (SAED) analysis, while the
thickness of diffusion reaction layer was measured through
SEM images from five different locations.

2.4 Preparation and Characterizations of (TiC + TiB)/Ti(0)
Composites

In order to verify the influence of accelerated diffusion
behavior near f; on the microstructure and properties of
composites in Ti-B4C system, (TiC + TiB)/Ti(O) composites
were prepared from the mixture of Ti, TiO, and B4C powder.
Firstly, three kinds of raw powder were weighed according to
0.25wt. O and 1.61wt.% B,4C and then mixed uniformly by
rocking milling machine. Then, the powder mixture was
sintered by the similar sintering craft to that used to prepare
Ti(0)-B4C diffusion couple, viz. sintering at 800 °C for 30 min
to facilitate the formation of Ti(O) solid solution from TiO, and
Ti firstly, and then further sintering around the f3; temperature of
Ti(O) matrix ($,—90, f,—40, f; and S, + 30 °C) for 1 h to
ensure the full reaction between Ti(O) and B4C powder. Finally,
microstructure and phase composition of (TiC + TiB)/Ti(O)
composites were investigated by XRD, SEM and EPMA,
respectively, while the mechanical properties were studied by
three-point bending test according to the National Standard GB/
T232-2010 (Ref 16), where the sample size was
28(L) x 3(b) x 5(h) mm and the span (1) is 20 mm, and the
flexure strength was calculated as follows:

3Pb x [
O' fr
" b

(Eq 1)

where Py, is the maximum load.
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3. Results and Discussion

3.1 Decomposition and Solution Behavior of Ti0, in Ti
Matrix

Figure 1 shows XRD patterns of Ti-TiO, mixed powder
sintered at different temperatures. Diffraction peaks corre-
sponding to o-Ti and TiO, phase can be easily detected from
the original Ti-TiO, powder mixture, indicating that no alloying
occurred during the mixing process. When sintering tempera-
ture is reached at 500 °C, one diffraction peak (20 = 25.5°)
corresponding to TiO, phase weakens and the other peak
(20 = 48°) disappears, while a new peak (20 = 29.5°) corre-
sponding to Ti;O3 phase starts to appear. With the increase in
sintering temperature, all the peaks corresponding to TiO,
phase disappear, and the intensity of the peak corresponding to
Ti;O,3 phase increases first and then decreases, suggesting that
TiO, has already started to decompose at the temperature above
500 °C, and the intermediate product is Ti;O;3. When the
sintering temperature is further increased to 800 °C, all
diffraction peaks only correspond to o-Ti. Moreover, the
diffraction peaks corresponding to o-Ti gradually move toward
the left hand with the increase in sintering temperature, further
demonstrating the decomposition of TiO, and the solid solution
of O elements into Ti matrix.

3.2 Determination on the B; of Ti(0) Alloys

Table 1 shows the oxygen and nitrogen contents of the three
kinds of Ti(O) alloys prepared by adding different contents of
TiO, into Ti matrix. For pure Ti materials without TiO,, the O
content is about 0.307%, which is basically in accordance with
that provided by powder manufacturers, indicating that there is
no obvious oxidation during sintering. For the Ti(O) alloys, the
increase in O content is also nearly equal to the designed O
content, indicating that TiO, is decomposed and dissolved into
titanium matrix. In the meantime, the contents of N in three
alloys are basically similar and remain at a low level, which
also suggests that the vacuum condition is high enough for the
sintering of Ti materials. On this basis, the f; of Ti(O) solid
solution alloys with different compositions can be mainly
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Fig. 1 XRD patterns of original Ti-TiO, powder mixture as well as
that after be sintered at different temperatures for 30 min
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predicted by the following equation (Ref 14), and the result is
also summarized in Table 1.

B, = 885°C + 200 x [0]% + 550 x [N]% (Eq 2)

where [O] and [N]% are the mass percentage of O and N in Ti
alloy, respectively. Especially, the formula (2) is only applicable
when the oxygen content is less than 1% and the N content is
less than 0.5%.

In order to accurately determine the f; of Ti(O) solid
solution alloys with different oxygen contents, water-quenching
experiments were carried out near theoretical transition tem-
perature, and the typical microstructure at the temperature
before and after the end of o/P transition is shown in Fig. 2.
According to national standard of metallographic method (Ref
13), the o/ transition temperature is chartered by the residual
volume content of primary o phase which is less than 5%, as
shown in Table 1. It is obvious that the f; of Ti(O) solid
solution alloys increase significantly with the increase in O
content, and the increment remains relatively stable (70—
80 °C). However, the measured values are always higher than
the theoretical ones due to the very small amount of unknown
impurities, since the nominal composition of purity titanium
powder is 99.5 wt.% Ti and 0.3 wt.% O.

3.3 Diffusion Behavior of Ti-B,C System Near f;

Figure 3 shows the results of microstructure characteriza-
tions on the Ti-B4C diffusion couple sintered at 900 °C for
30 min. From the SEM image, it can be found that there is a
dense layer between Ti and B4C, and some whiskers and
particles dispersed in the Ti matrix, as shown in Fig. 3(a). TEM
analysis in the yellow area in SEM image shows that there are a
large number of reinforcements in the Ti matrix and the
morphologies present to be particle- and whisker-like. Selected-
area diffraction patterns suggest that the reinforcements are TiB
and TiC, agreeing well with other related work (Ref 17).
Although TEM specimen cannot be prepared on the dense layer
since it is too brittle to be thinned by ion thinning method, the
phase composition of such a layer can be identified as TiB,
according to our previous work (Ref 18, 19), where the
diffusion and reaction behavior of Ti-B4C system can also be
found; namely, B and C atoms diffuse into Ti matrix to form
TiB and TiC along with the decomposition of B4C, and then Ti
atom diffuses into B4C block to form TiB, layer via the
vacancies left by the out diffusion of B and C. Therefore, it is
equivalent to characterize the diffusion and reaction degree of
Ti-B4C by using the thickness of the layer containing TiB and
TiC or that of the dense TiB, layer.

Considering that the thickness of TiB and TiC layer is
difficult to measure, the thickness of the TiB, layer is used to
study the influence of sintering temperature and time length on
the reaction behavior of Ti(O)-B4C, as shown in Fig. 4. It is
clear that the influence of temperature and time length on the
thickness of reaction layer always obey the same law regardless
of the O content in Ti matrix. The thickness of reaction layer
always increases with the prolongation of sintering time at first
and then slightly decreases with the increase in temperature and
reaches the maximum value when sintering at the f3; of Ti(O)
matrix, which can also be demonstrated by the inserts in Fig. 4.
Obviously, there is an accelerated diffusion phenomenon near
P of titanium matrix, which is inconsistent with traditional
solid-state diffusion theory. To better clarify such an abnormal
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Table 1 O/N contents of Ti(O) alloys and their theoretical f§ transition temperature

Nominal composition 0, %
Ti 0.307
Ti-0.25wt.%0 0.551
Ti-0.5wt.%0 0.788

N, % Theoretical f; temperature , °C Real fi; temperature, °C
0.003
0.003

0.005

948
997
1045

985
1065
1135

Fig. 2 Typical microstructure of Ti(O) alloy quenched from the temperature before and after the end of B transition, (a) 980 and (b) 990 °C for
pure Ti, (c) 1060 and (d) 1070 °C for Ti + 0.25wt.% O, (c) 1130 and (d) 1140 °C for Ti + 0.50wt% O, respectively
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Fig. 3 Microstructure characterizations on the Ti-B4C diffusion couple prepared by sintering at 900 °C for 30 min, (a) SEM image, (b) TEM
bright-field image on the yellow rectangle area, (c) and (d) SAED patterns on the areas marked by 1 and 2, respectively (Color figure online)

phenomenon, the diffusion behavior is analyzed from the
viewpoint of diffusion kinetics.

For solid diffusion, the growth of diffusion layer is usually
described by the power law growth rule (Ref 14).

o0 =Dt" (Eq 3)

where ¢ is the thickness of diffusion layer, D is the reaction rate
constant, n is the kinetic factor and ¢ is the growth time.
Equation 3 is taken by logarithm and then obtains:

Ind =nlnt+mID (Eq 4)

Taking the data in Fig. 4 into Eq. 4, the results can be seen
in Fig. 5. It can be seen that, for Ti(O)-B4C diffusion couples
with different oxygen contents, there is always a good linear
logarithm relationship between the thickness of TiB, layer and
holding time further proving the rationality of power law
equation. The values of n and D obtained by fitting the
experimental results are summarized in Table 2, and all the
Pearson’s correlation coefficients are higher than 0.85, indicat-
ing a remarkable linear relationship. It can be found that n
values are all below 0.5 in the temperature range studied,
indicating that reaction between Ti(O)-B4C is mainly controlled
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by diffusion (Ref 20). Furthermore, although the increase in
sintering temperature always leads to the increase in D values,
the maximum value of the Ti(O)-B,C with different oxygen
content is always obtained at the time of sintering at f3;, which
is the key evidence for the abnormal increase in the reaction
layer thickness at transition temperature of Ti matrix. It is a fact
that this accelerated diffusion phenomenon near transition
temperature can be attributed to isomeric transformation of Ti
matrix and the significant increase in the self-diffusion rate
difference between o and f§ crystal structure (Ref 21).

3.4 Effect of Sintering at p; on the Synthesized Composites
from Ti-B,C System

Figure 6 shows the XRD patterns of the composites as well
as the compared alloy matrix sintered near the f3; of Ti matrix.
Compared with the Ti-0.25%0 solution alloy, the diffraction
peaks corresponding to TiC and TiB can be easily seen from the
XRD patterns, indicating that (TiC + TiB)/Ti(O) composites
can be successfully synthesized from Ti-0.25%0 and B,C
powder system. However, the similar XRD patterns cannot
provide sufficient information about the influence of sintering
temperature on the phase composition of (TiC + TiB)/Ti(O)
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Fig. 4 Variation of the thickness of TiB, layer in Ti(O)-B4C diffusion couples under different temperatures and holding time, where the
nominal oxygen contents are (a) 0, (b) 0.25 and (c) 0.5%, respectively

composites, since the content of TiC and TiB is not high
enough to cause significant differences on the intensity of the
XRD peaks. On the other hand, XRD patterns agree well with
the results of TEM analysis on diffusion couples and other
relative works (Ref 7, 22, 23).

Figure 7 shows the microstructure of (TiC + TiB)/Ti(O)
composites prepared by sintering at different temperatures near
p of Ti(O) matrix. It can be found that the morphologies of the
different composites are similar to each other, and there are
many particle-like and some whisker-like reinforcements in the
matrix, which are TiC particles and TiB whiskers according to
the XRD patterns and our previous work as well as other related
works (Ref 23, 24). On the whole, both the size and number of
reinforcements increase with the increasing sintering temper-
ature, especially the TiB whiskers. When the sintering temper-
ature is 980 °C, only several whiskers can be found, and they
are too small to be easily seen, as seen in Fig. 7(a). When the
sintering temperature is the f§; of Ti(O) matrix, the TiB whiskers
grow larger, even larger than that at the highest temperature, as
shown in Fig. 7(c) and (d). Such a result indicates that sintering
at the f, of Ti matrix facilitates the diffusion and reaction
between Ti and B4C. It is worth mentioning that the portion of
TiC particles and TiB whiskers phase in SEM images is not
accordance with their theoretical portion in chemical reaction,

Journal of Materials Engineering and Performance

since TiB can only present whisker-like shape on special
section.

Figure 8 shows the L-D curves of three-point bending test
on (TiC + TiB)/Ti(O) composites sintered at different temper-
atures near f; of Ti(O) matrix. Compared with Ti(O) solution
matrix without any reinforcements, the slopes of the L-D curves
(meaning the elastic modulus) of (TiC + TiB)/Ti(O) composite
increase but the plasticity decreases, which is due to the
introduction of high modulus TiC particles and TiB whiskers
by in situ reaction. However, with the increase in sintering
temperature, both the strength and plasticity of the composites
decrease significantly. When the sintering temperature is higher
than 1030 °C, the strength of the (TiC + TiB)/Ti(O) composites
(976 and 1168 MPa) is even lower than that of Ti(O) matrix
(1448 MPa), especially when Ti(O)-B4C is sintered at the f, of
Ti(O) matrix, namely 1070 °C.

In order to clarify the reasons for the decease of strength
and plasticity caused by the increase in sintering temperature,
the fracture morphologies of the matrix alloy and composites
were observed, as shown in Fig. 9. For the Ti(O) solution
alloy, large cleavage surface, obvious cleavage steps and some
dimples can be found, indicating that the alloy presents a
mixture of ductile and brittle fracture, which agrees well with
the result of bending test. However, for the (TiC + TiB)/Ti(O)
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Table 2 Values of n and D of Ti(O)-B,C diffusion couples with different O content and prepared by sintering at different

temperatures

O content, wt.% Temperature, °C N bpao~’ m-s_o’z) Pearson’s correlation coefficient

0 900 0.17 6.14 0.98
950 0.32 7.42 0.99
990 0.10 10.33 0.98
1020 0.27 8.46 0.98

0.25 980 0.25 7.88 0.91
1030 0.28 8.98 0.96
1070 0.09 13.13 0.85
1100 0.13 10.43 0.87

0.5 1050 0.16 13.80 0.96
1100 0.09 15.10 0.87
1140 0.08 17.55 0.97
1170 0.10 15.72 0.85

composites, large cleavage surfaces are substituted by coarse
and rugged surfaces dispersed with TiC particles and TiB
whiskers, and dimples cannot be observed anymore. With the
increase in sintering temperature, more and more coarse TiB
whiskers or their traces appear on the fracture surface,
especially at 1070 and 1100 °C, as shown in Fig. 9 (d)and (e).
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The smooth fracture trace of the TiB whiskers means the poor
bonding between TiB and Ti(O) matrix, and thus the coarser
the TiB whiskers are, the worse the strength of the composites
will be. This is why the strength of the (TiC + TiB)/Ti(O)
composite decreases with the increase in sintering temperature
as shown in Fig. 8.
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Fig. 7 Microstructures of (TiC + TiB)/Ti(O) composites prepared by sintering at (a) 980, (b) 1030, (c) 1070 and (d) 1100 °C, respectively

Journal of Materials Engineering and Performance Volume 32(4) February 2023—1981



Cleavage

Vs

. | B et
SEM MAG: 5.00 kx Det: SE Detector VEGAWTESCAN SEM MAG: 5.00 kx  Det: SE Delector VEGAW\ TESCAN
:

SEM HV: 20.00 kV Date(mv/ddy): 12/29/19 10 pm {  SEMHV: 20.00 kV Date(nvdd): 12/29/19 10 pm
View field: 60.00 ym  Device: VEGA Il XMU View field: 60.00 ym  Device: VEGA Il XMU n

SEM MAG: 5.00 Det: SE Detector VEGA\TESCAN SEMMAG:5.00kx  Det: SE Detector VEGA\ TESCAN
SEMHV:2000kV  Date(m/dy): 12/29/13 10 pm 7 SEMHV:2000KkV  Date(mdh): 1229119 10 pm n’
View fleld: 60.00 ym  Device: VEGA Il XMU View field: 60.00 um  Device: VEGA Il XMU

SEMMAG:5.00kx  Det: SE Detector VEGAW TESCAN
SEM HV: 20.00 kV Date(m/dAy): 12/29/19 10 ym g
View field: 60.00 ym  Device: VEGA Il XMU n

Fig. 9 Fracture morphologies of (a) Ti(O) matrix and (TiC, + TiB,,)/Ti(O) composites prepared by sintering at (b) 980, (c) 1030, (d) 1070 and
(e) 1100 °C, respectively
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4. Conclusion

(1) Ti(O) solid solution alloys can be prepared by powder
metallurgy method from Ti and TiO, powder mixture at
the temperature above 800 °C, and their f3; increases
with the increase in oxygen content.

(2) The thickness of the diffusion and reaction layer in
Ti(O)-B,4C diffusion couple generally increases with the
increasing sintering temperature, but reaches the maxi-
mum value at the f; temperature of Ti(O) alloys,
demonstrating the existence of accelerated diffusion phe-
nomenon in Ti alloys.

(3) Sintering temperature at f§; of Ti(O) matrix can result in
the excessive growth of TiC and TiB reinforcements,
and the decrease in both strength and elongation of
(TiC + TiB)/Ti(O) composites, which can be attributed
to the previous fracture of the interface between Ti and
coarse TiB whiskers.
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