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Abstract: The effects of Al and Mo elements on the microstructure and hardness of TNM TiAl alloys
(Ti-43.5A1-4Nb-1Mo-0.1B) were studied by decreasing 0.5 at.% Mo and/or increasing 1.5 at.% Al. The
results showed that the changed composition of the alloy had a slight influence on the morphology,
but had important effects on the volume fraction, size, and composition of each phase. All the alloys
had nearly full lamellar (NL) microstructures, with a few 3, phases at the boundaries of the colony or
in the lamellar colony. The lamellar colony size and the lamellar spacing increased with the decrease
in Mo and the increase in Al. The reduction in Mo content reduced the content of each phase in
proportion, but the increase in Al content in the alloys led to the corresponding increase in Al content
in the &y and y phases. The hardness of the alloys decreased with the increase in Al content and the
decrease in Mo content. This is mainly due to the increase in lamellar spacing caused by the change
in composition. Therefore, the increased content of Al and decreased Mo content are unbeneficial for
the microstructure. The relationship between the Vickers hardness and the lamellar spacing obeyed
the Hall-Petch relationship.

Keywords: TNM alloy; microstructure; composition; hardness

1. Introduction

Due to their low density, relatively high specific strength, etc., TiAl-based alloys
have been successfully applied as turbocharger wheels in car engines and low-pressure
turbine blades in aero engines [1,2]. The conventional y-TiAl consists of the «; phase
(TizAl with DOqg structure), v phase (TiAl with L1 structure), and (3, phase (Ti2AINb
with B2 structure) [3]. They form the following four classical microstructures: full lamellar
(FL), nearly full lamellar (NL), duplex (DP), and near y (NG) microstructures. According
to the basic relationship of composition—-microstructure-mechanical properties, an FL
microstructure with a fine grain size exhibits excellent comprehensive performance [2,4-6].

The Al element, as the principal element, is an x-phase stable element with the ability
to expand the a-phase region, to a certain extent. However, TiAl alloys with an excess of
the Al element have poor mechanical performance, due to rapid grain growth in the single
phase region. It has been found that TiAl alloys with a lower Al content have changed
the overall properties [7-9]. Numerous elements, such as Nb, W, Mo, Zr, Ta, and Cr, or
interstitial elements, such as C, B, and N, have been introduced into TiAl alloys in order
to obtain useful phases for increasing their service temperature [10-12]. The Nb element
increases the oxidation resistance, melting point, and high-temperature strength of TiAl
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alloys. Nb and Mo are (3-phase stable elements, leading to the formation of a 3, struc-
ture at room temperature, which is a ductile phase at high temperature. The TiAl alloys
termed TNM, with a nominal composition of Ti-(42-45)Al-(3-5)Nb-(0.1-2)Mo-(0.1-0.2)B
(the atomic ratios are all involved in this paper, unless otherwise stated), have been devel-
oped and used in PW1100G-JM jet engines (Pratt & Whitney, East Hartford, CT, USA) [13].
Moreover, analysis of the hardness, as one of the conventional properties, is an effective
and convenient approach to characterize the relationship between the microstructure and
mechanical properties of y-TiAl alloys. Cui et al. [9] used the nanohardness to evaluate
the mechanical properties of TiAl with different 3-stabled elements, such as Cr, Nb, and
V. Liu et al. [14] reported the microhardness with a load of 10 g and a dwell time of 10 s for
the TiAIND alloy design during directional solidification. Cha et al. studied the effect of the
content of C and heat treatment processing on lamellar spacing, and explored the influence
on the hardness of the TNM alloy [15]. In general, minor fluctuations in the chemical
composition of TiAl alloys must lead to variation in their mechanical properties because
of their complicated microstructure and phases. It is of great engineering significance to
reveal the influence of minor changes in the main components on the microstructure and
properties of the alloy, because this is the premise to optimize the composition of alloys,
to control the melting and heat treatment process, and to select the service properties of
alloys. However, to date, although much work has focused on the relationship between the
microhardness and microstructure of the Ti-43.5A1-4Nb-1Mo-0.1B alloy [16-19], the other
studies related compositions and the corresponding effects of TNM alloys are scarcely
explored, motivating the current study.

In this paper, the microstructure of the TNM alloy was tailored by adding a minor
content of Al and Mo. The effects of composition variation on the microstructure and
hardness were explored. The distribution and variation in elements in different phases, and
the sensitivity of the microstructure to microhardness and Vickers hardness, were studied.

2. Materials and Methods

The alloys with four nominal compositions, designated as alloy S1 to 54, listed in
Table 1, were studied. Vacuum induction melting with water-cooled cooper crucible
was employed to melt and prepare these alloys. The raw materials were Al-Mo alloy
(Mo: 60 wt.%), Al-Nb alloy (Nb: 75 wt.%), Al-Ti-B alloy (Ti: 5 wt.%, B: 1 wt.%), pure Ti
(99.96 wt.%) and pure Al (99.99 wt.%). These alloys had been remolten at least five times to
ensure the compositional homogeneity of ingots. The cast ingots with a diameter of 45 mm
and length of 140 mm were prepared by metal mold casting.

Table 1. Nominal compositions of the present TiAl alloys (at.%).

Specimen No. Nominal Chemical Component
S1 Ti-43.5A1-4Nb-1Mo-0.1B
S2 Ti-43.5Al-4Nb-0.5Mo-0.1B
S3 Ti-45A1-4Nb-1Mo-0.1B
S4 Ti-45A1-4Nb-0.5Mo-0.1B

Specimens for microstructure observation were taken from the center of the radius in
the cross-section and the middle of the length. The specimens were electro-polished after
being mechanically grinded by sandpapers of 400#, 800#, 1000# and 1500# and polished
with 0.5 pum diamond paste. Microstructural observation was carried out using Zeiss
SUPRA 55 scanning electron microscope (SEM, Carl Zeiss AG, Oberkochen, Germany)
in backscattered electron (BSE) mode and a Tecnai G2 F30 field emission transmission
electron microscope (TEM, Hillsboro, OR, USA). The compositions of different phases in the
specimen were measured by energy dispersive spectrometry (EDS). The average of 5 EDS
values of each specimen were calculated to eliminate errors. The phase volume fraction was
calculated from five phase distribution maps of electron backscattered diffraction (EBSD)
analysis. The EBSD dates were achieved by Oxford max2 with 20 kV accelerating voltage,
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16.8 mm working distance, 0.1 pm step size, and analyzed by the Channal 5 software of
Oxford Instruments. The phases were examined by a D/max-2500/PC X-ray diffractometer
(XRD, Rigaku Co., Akishima-shi, Tokyo, Japan) at room temperature. The lamellar spacing
was calculated by software of Imagetool from 5 TEM photos of different positions of each
specimen. The hardness of the alloys was measured at room temperature by a Vickers
hardness tester (THVP-50, Beijing Era United Technology Co., Ltd., Beijing, China) with

a load of 5 kg and holding time of 15 s, and a microhardness tester (innovtest-423D,
Holland) with a load of 10 g and holding time of 15 s. In order to eliminate the error,
5 and 20 points were selected randomly for Vickers hardness testing and microhardness

testing, respectively.

3. Results and Discussion
3.1. The Influence of Element on Microstructure

Figure 1 shows the XRD patterns of alloys with different compositions. The alloy
Ti-43.5A1-4Nb-1Mo-0.1B (S1) mainly consists of y-TiAl, «,-TizAl, and (3 phases. After the
compositions had little adjustment, the main phases of the alloys S2, S3, and 54 also consist

of y-TiAl, x,-TizAl, and 3, phases.
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Figure 1. X-ray diffraction (XRD) patterns of ingots with different compositions.

Figure 2 shows the microstructure of the four ingots and the diameter of their lamellar
colonies. The phases with the brightest contrast are the 3, phase, whereas the phases
with the darkest contrast are the y phase and the gray phases, whose contrast is between
those of the v and 3, phases, are o, phase (Figure 2b,d,fh). The microstructure of the
specimens consists of o, /v lamellar colonies, which are surrounded by a few y and o
phases. The current TiAl alloys should solidify by the (3 solidification sequence L—L
+ p—=p—P + «, according to the pseudo-binary phase diagram of the Ti-y Al-4Nb-1Mo-
0.1B alloy system [20]. The primary 3 phase exhibits dendritic morphology, showing the
brightest contrast in the BSE image because it contains a lower Al content and higher
B-formation additions, such as Nb and Mo (Figure 2a,c,e,g). The interdendritic black
area, named S segregation (solidification microsegregation), was formed in solidification
processing. It presents a dark contrast because the area is rich in Al, and poor in Nb and
Mo. The bright white bands observed at high magnification (as marked in Figure 2b,d,f h),
which always appear inside the lamellar colonies or on the boundaries of the lamellar
colonies, are called x-segregation. They formed during f—« + 3 transformation. Some
white lamellae within the lamellar colony were formed by a—y + ap + 3, solid state phase

transformations and ordering [3,21]. The three microsegregations that formed a path were
described in detail by Xu [22]. The S segregation becomes serious with an increasing Al
content. This is observed by comparing Figure 2a,b,e f and Figure 2¢,d,g,h. The higher Al
content in the interdendritic area leads to the formation of a large volume fraction of y
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lamella in the lamellar colony at room temperature. At the same time, the 3-segregation
becomes pronounced with the increase in Mo content. The reason for this is that Mo is a
[3-stability element and results in an increase in the volume fraction of the 3, phase.

Y oe/y lamellae

S segregation J o phase

/

S segregation

B segregation y phase

S segregation Bs phase

Lt

ox/y lamellae

/ _ B segregation
Bo phase :

S segregation

The diameter of the lamellar colonies (pm)

Specimen (No.)

Figure 2. The SEM-BSE images of the following four alloys: S1 (a,b), S2 (c,d), S3 (e,f) and S4 (g/h),
respectively, and the diameter of their lamellar colonies (i).

The diameter of the lamellar colonies is shown in Figure 2i. The average lamellar
colony diameter of S2 is 48.5 & 4 pm, which is slightly larger than that of S1 (40.6 = 6.4 pm).
Moreover, the average lamellar colony diameter of S4 is 111.1 & 9.8 um, which is also
larger than that of S3 (94.8 £ 10 um). This indicates that the lamellar colony size increased
with the increase in Al content and the decrease in Mo content. The result is the same
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as the report of Xu, who argued that the retained 3 phase hinders the over coarsening
of the lamellar colony (« phase at high temperature) when there is a higher Mo content
in Ti-45A1-5Nb-xMo-0.3Y alloys [23]. During solidification, the Ti-43.5A1-4Nb-1Mo-0.1B
alloy underwent a transformation pathway, which, simplified, is expressed as L—L + 3
SBoP+a—x+P+yYoax+ P+ Po+r Y+ Po YA+ X+ Bo+ Y00 + Bo+ Y [3]
This indicates that the « single phase field region was not passed through during the phase
transformation for this special composition. This is attributed to the large amounts of the
strong f3-stable elements Nb and Mo existing in the alloys, which expand the  phase
and contract the « phase. During 3— « transformation, the 3 phase always pins the grain
boundaries of the o phase and restricts the growth of « grains. Therefore, the size of the
lamellar colony, which is formed by the « grain, was small. From the point of view of
the p-stable phase, 1 at.% Mo is equal to 4-6 at.% Nb [2,6,24], so an increase of 0.5 at.%
Mo can form more 3 phase, leading to more pronounced grain refinement. However, the
o phase appears in the solid phase transformation path of the TNM alloy, when the Al
content exceeds 43.5 at.%, and the x-phase region expands with the increase in Al content.
Therefore, the transformation path of S3 and S4is L=L + p—=pf—=p + asax—x +y—ax +
+Y=0+ P+ Po+ Yo+ Pot Y S x+o+ Bot Yo+ Pot v. After f—f + x— « phase
transformation, the « grain can grow excessively in a short time, forming a large-sized
lamellar colony. Comparing the lamellar colony sizes of S1, S2, S3, and S4, one can observe
that the grain change caused by the difference of 0.5 at.% Mo is small, while the grain
change caused by the difference of 1.5 at.% Al is more obvious. The reason for this is that
the change in Al leads to a change in the phase transition pathway, while the change in Mo
only leads to a change in the volume fraction of the 3 phase.

Table 2 shows the compositions of the (3,, xp, and y phases in the four alloys, respec-
tively. For each alloy, the Mo content in the 3, phase is obviously higher than those in the
other two phases. This clearly indicates that Mo is a 3,-phase formed element. Comparing
the compositions of S1 with S2, one can observe that the change in Mo content in each
phase is obvious, and the relative change in other elements is very slight. Mo is almost
twice as abundant in each phase of S1 as in its 52 counterpart. The trend also applies to the
comparison between S3 and S4. The content of Al in the o and vy phases in S3 increased,
compared with the corresponding phases in S1. However, Al in the 3, phase changes
slightly with the increase in Al in the alloy. The same result is concluded by comparing
the composition of each phase in 52 and S4. In short, the change in alloy composition
also brings a corresponding change in the composition of each phase. The change in Mo
is reflected in the change in the compositions of all the phases, while the change in Al is
reflected in the changes in both «; and y phase compositions. The &, and y phases are
mostly in the lamellar colony, which is « phase at high temperature. This indicates that
Al is enriched in oc and Mo is enriched in 3 during the phase transformation from {3 to «.
Boron was not available due to the lack of capability of the EDS instrumentation.

Figure 3 shows the EBSD phase distribution and statistical results of the volume
fractions of the phases in the alloys. The phase distribution images also indicate that Al
played a key role in tailoring the microstructure of the TNM alloys. The sum of the volume
factions of the x; and 3 phases in the four alloys were 17.5%, 20.3%, 8.7%, and 9.9%,
respectively. Therefore, the amount of y phase increases with the increase in Al content. A
self-evident fact is that with the increase in Al, the y single region is approached for the
Al-lean TiAl alloy. However, the difference in the volume fraction of the y phase for the
samples with the same Al content is relatively small; for example, the volume fraction of
the v phase in S1 is 2.8% higher than that in 52, and the volume fraction of the y phase
in 53 is only 1.2% higher than that in S4. At the same Al content, the amount of (3, phase
increases with the increase in Mo content; for example, the volume fractions of the 3,
phase in S1 and S3 are greater than those in 52 and 5S4, respectively. However, Mo leads to
a decrease in the oy phase for the same Al-containing alloys.
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Table 2. The compositions of 3, @, and y phase in the alloys by EDS.
Alloy Phase Ti (at.%) Al (at.%) Nb (at.%) Mo (at.%) B (at.%)
Bo 54.7 + 1.0 383+1.2 47 +0.2 23402 -
S1 o0 5294+ 0.4 419+ 0.7 41+03 1.1+0.2 -
2% 50.9 + 0.6 435+ 0.7 43402 1.3+02 -
Bo 552+ 0.3 38.5 +0.30 48 £0.2 14+02 -
S2 o 53.8+0.4 4154+ 0.5 42+0.2 054+0.1 -
2% 50.6 = 0.9 442 + 0.5 454+0.1 0.7 £0.2 -
Bo 533+19 38.6 £ 2.8 49 4+ 0.30 3.1+£07 -
S3 o 5154+ 1.0 43.4 + 0.8 41+0.2 1.0 £0.2 -
2% 48.5 £ 0.6 45.8 £ 0.5 454+0.1 1.3+0.1 -
Bo 545+19 389 +23 49 +0.2 1.6 £0.3 -
S4 o 51.8+0.5 43.3 + 0.9 42+03 0.6 0.2 -
2% 48.3 £ 0.8 463 £ 1.1 46 +02 09+0.3 -

I B/Bo phase
B o2phase
v phase

Phase volume fraction (%)

Specimen No.

Figure 3. The EBSD phase distribution and statistics results of the volume fractions of different
phases in the following alloys: (a) S1, (b) S2, (c) S3, (d) S4, (e) the statistical information from the
EBSD data.

Figure 4 shows the lamellar morphologies under TEM and the lamellar spacing of
the four alloys. The average lamellar spacing of S1, S2, S3, and 54 are 120.0 & 24.3 nm,
171.1 &£ 38.1 nm, 398.2 £ 60.7 nm, and 434.2 £ 78.9 nm, respectively. This indicates that
the average lamellar spacing increases from 120.0 & 24.3 nm to 171.1 & 38.1 nm (or from
398.2 £ 60.7 nm to 434.2 &+ 78.9 nm) under the same Al content (43.5 at.% Al and 45 at.%
Al, respectively), when the Mo content is decreased from 1 at.% to 0.5 at.%. However, the
lamellar spacing of alloys increases from 120.0 £ 24.3 nm to 398.2 &+ 60.7 nm when the
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Al content is increased from 43.5 at.% to 45 at.% for the 1 at.% Mo-containing alloys (or
increased from 171.1 £ 38.1 nm to 434.2 £ 78.9 nm for the alloys containing 0.5 at.% Mo).
The increase of 1.5 at.% Al has a more obvious influence on the increase in lamellar spacing
than the decrease of 0.5 at.% Mo. It is well known that the lamellar spacing depends on
cooling rate, alloy composition, and so on. At the same cooling rate, the /v lamellar
formation is mainly related to the composition of the alloy, which determines both the
volume ratio of «/y and the stacking fault of the « phase. The formation mechanism of
lamellae is that the stacking fault in the « phase is used as the nucleation point, and then
lamellae grow by the step mechanism of short-range diffusion [25]. Therefore, the lower
the stacking fault energy is, the more likely a stacking fault defect will appear in the crystal,
and the thinner the lamellar spacing is. In Ti-Al binary alloys, the stacking fault energy
decreases significantly with the decrease in Al content, but it is practically independent of
Al content in ternary Ti-Al-10Nb alloys. However, Mo leads to a decrease in the stacking
fault energy of the o phase [26-28]. With decreasing Al content, the volume fraction of the
oy phase increases. The average lamellar spacing decreases linearly with increasing volume
fraction of the ay phase, as shown in Figures 3 and 4, under the same Mo content. Usually,
the oy lath is much thinner than the vy laths in the lamellar structure. Therefore, the lamellar
spacing decreases with the increase in the volume fraction of the «, phase. Therefore,
more fine o lamella is beneficial to the separation of y into more lamella, resulting in the
reduction in lamellar spacing. This has also been reported in high-Nb-containing TiAl
alloys [8].

(202)q

* (p02),

Lamellar spacing (nm)

d -
'(111).‘“'0_’ F

[T103,//[GT10].

1 2 3

5 1/nm
Specimen (No.) e

Figure 4. The TEM images of lamellar morphologies of S1 (a), S2 (b), S3 (c) and S4 (d), and their
lamellar spacing (e). The selected area diffraction patterns of position A shown in (f).
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3.2. The Influence of Element on Hardness

Table 3 shows the microhardness and Vickers hardness values of each alloy. Both
hardness values decrease from S1 to S4. The hardnesses of S1 and S2 were higher than
those of S3 and 54, respectively. Therefore, the hardness of the specimen decreased with the
increase in Al content and the decrease in Mo content. Moreover, the change in hardness
is more obviously by adjusting 1.5 at.% Al than adjusting 0.5 at.% Mo. It is worth noting
that the microhardness values are more dispersed than the Vickers hardness values. This is
clearly related to the more localized areas in which microhardness was measured.

Table 3. Microhardness and Vickers hardness values of the alloys.

Alloy s1 s2 S3 s4
HVo01 441.7 +119.7 437.9 + 95.4 363.7 + 815 349.6 + 78.2
HVs 3882+ 9.4 3749 + 738 330.1 + 8.6 316.5 + 6.3

Figure 5a—c are the BSE images of indentation microhardness testing in S1. The
microhardness indentation has a length of less than 10 um, and may be located in the
lamellar colony, or cover both the lamellar colony and y phase or the lamellar colony and
o phase. In this case, it is not reasonable to calculate microhardness by the arithmetic
mean of values at all points. Cha et al. [29] found that the microhardness of the Ti-43.5Al-
4Nb-1Mo-0.1B alloy with a fine-grained microstructure (grain size 2-20 pm and lamellar
spacing of 10-30 nm) can be estimated by rule of mixture (ROM), using either the iso-
stress (Reuss) model, assuming deformation in series, or the iso-strain (Voilgt) model,
assuming deformation in parallel [29,30]. They measured the microhardness of v, «»,
and 3o as 440 HV( 01, 490 HV 01, and 740 HV g1, respectively. The following relation of
microhardness and phase volume fraction (iso-strain mode) is obeyed for the microstructure
that is 41% lamellar colony:

1/Hc = fu,/Huy + fo/Hy + f5/ Hp @

where H¢, Hy,, Hy, and H p present the microhardness of the cellular region, o, phase, v
phase, and 3 phase, respectively, and fa,, f, and fg represent the volume fraction of the
oy phase, v phase, and o phase, respectively. However, the iso-stress mode is as follows:

He = fay X Hay + fo X Hy + fp X Hg )

Figure 5. The impression left by microhardness indenter (a-c) and Vickers hardness indenter (d) in
S1: (a) within lamellar colony; (b) on the colony boundary; (c,d) on both lamellar colony and (3, and
v phases.
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This is suitable for the microstructure that is 82% lamellar colony. Kim [30] believed
that when the volume fraction of the hardened phase was small, it was more reliable to
calculate the overall hardness value of the material through the hardness value of each
phase by using the iso-stress model. Because the volumes of the 3, and «; phases in the
present microstructure are very small, and the hardness of each phase cannot be measured
directly, we adopt the microhardness values of each phase in the TNM alloy measured
by Cha [29], and calculate the microhardnesses of the four alloys by using the iso-stress
model. The calculated results are 469.0 HVy o1, 463.4 HV o1, 463.5 HV( 91, and 457.2 HV( o1,
respectively. This indicates that there is little change in the hardness values between the
four alloys.

As for the relationship between the hardness of the lamellar structure and lamellar
spacing, Chu et al. [31] established a superlattice film model with periodic arrangement
of films, and believed that the hardness increased with the decrease in lamellar thickness,
and then decreased with the decrease in lamellar thickness when it reached a critical value.
This law is also found in the TiAl lamellar structure; for example, Cha et al. [15] found that
the hardness of the FL structure decreases with the decrease in nanoscale lamellar spacing.
They ascertained that, in this case, because of the refinement of the y lamellae and the small
volume fraction of the y phase, a dislocation slip in o, lamellae is easier than in y lamellae,
leading to a change in the deformation mechanism. However, most results suggest that
hardness increases with increasing «; volume fraction and decreasing lamellar spacing.
This is based on the fact that the deformation mechanism during the application of the
load by the indenter is mainly a dislocation slip in the y lamellae. Here, the y/vy and v/ op
interfaces act as glide obstacles and lead to dislocation pile-ups. Therefore, the modified
Hall-Petch formula is often used to construct the relationship of harness and lamellar
spacing. Burtscher [31] built a linear relationship between the average lamellar spacing
and the value of Vickers hardness, according to the modified Hall-Petch relation for the
Ti-43.5A1-4Nb-1Mo-0.1B-0.35i-0.3C alloy, with an FL lamellar microstructure, as follows:

HVio = (298 4 21) + (845 + 148) x A~1/2 @)

where A is the lamellar spacing. This relation is obtained through a lamellar microstructure
with a colony size of about 42 pm and lamellar spacing of 31-114 nm.

The average values of the Vicker hardness of S1, S2, S3, and S4 are 388.2 HVs,
374.8 HVs, 330.1 HV5, and 316.5 HV5, respectively (Table 2). We constructed the following
similar formula:

HVs5 = 251.3 + 1541.89 x A~ 1/2 (4)

This relation is shown in Figure 6. Figure 5d shows the BSE images of the indentation
of Vickers hardness testing in S1. The indentation, with a diagonal length of more than
100 um, covers several lamellar colonies and many (3, regions. Thus, hardness reflects
not only the contribution of the three phases, but also those of the colony boundaries,
phase boundaries, and lamellar interfaces. Comparing our microstructures with those of
Burtscher [32], we find that the effect of colony boundaries also exists for their testing, but
the effect of the 3, phase is an additional phenomenon for the present alloy; thus, we have
a similar formula with a different coefficient.

For most metals and other materials, the hardness increases with decreasing indenta-
tion depth in the micrometer range. This increasing hardness could be explained by the
indentation size effect [33]. This case also occurs in TiAl alloys, including TNM alloys.
It is confirmed by the fact that the microhardness is higher than the Vickers hardness
in the present work. We recommend using Vickers hardness to measure the properties
of TNM alloys. The microhardness is poorly representative and the results are highly
dispersed. The nanohardness value is the highest, although different authors have different
hardness values for each phase of the TNM alloy; for example, Martin Schloffer measured
the nanohardness of vy, oy, and (3, as 6.9 GPa, 8.3 GPa, and 8.0 GPa in a powder metallur-
gical TNM alloy, respectively; however, the three values obtained were 4.2 GPa, 5.3 GPa,



Metals 2021, 11, 1849

10 of 12

and 7.2 GPa, respectively, in a (3-stabilized casted TiAl alloy (Ti—43.6A1-4.06Nb-1.01Mo-—
0.09B) [34,35]. The two results are not only very different in value, but also in hardness
order. This is related to not only the composition changes in the phases under different
heat treatment conditions, but also the neglect of the effect of interface state on hardness. It
is well known that there is a positive correlation between hardness and strength. S1 and
S2 have a fine lamellar colony, and lamellar spacing with high Vickers hardness, so the
microstructures of S1 and S2 are optimal in this work.

400

390 —
380 —
370 -
360 —

350 +

Hardness(Hv,)

340
330+

320+

v T T r v
0.05 0.06 0.07 0.08 0.09 0.10

h-l-"l(nm-ﬂm)
Figure 6. The relationship between lamellar spacing and Vickers hardness.

4. Conclusions

The alloys with four different compositions were designed for studying the effect of
Al and Mo content on the microstructure and properties of TNM TiAl alloys. The following
conclusions have been drawn:

(1) After a decrease of 0.5 at.% Mo and/or increase of 1.5 at.% Al in the typical TNM alloy,
the alloys have an NL microstructure with a few {3, phases at the colony boundaries
or in the lamellar colony. The lamellar colony size and the lamellar spacing have
increased with the decrease in Mo and the increase in Al. The volume fraction of the
o phase decreases with the decrease in Mo and the increase in Al, and that of oy
decreases with the increase in both Al and Mo contents. Mo is rich in the {3, phase,
and the reduction in its content reduces the content of each phase in proportion.
The increase in Al content in the alloy leads to the corresponding increase in Al
content in the &, and y phases. The increased content of Al and decreased content
of Mo is unbeneficial for obtaining a microstructure with a fine lamellar colony and
lamellar spacing.

(2) The hardness of the alloys decreases with the increase in Al content and the decrease
in Mo content, mainly due to the increase in lamellar spacing, which was caused
by the change in composition. In the obtained microstructure, the Vickers hardness
results reasonably reflect the hardness of the alloys. The relationship between the
hardness value and the lamellar spacing conforms to the Hall-Petch relationship.
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