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Abstract: A low-cost β type Ti-1.5Fe-6.8Mo-4.8Al-1.2Nd (mass fraction, %)(T12LCC) alloy was produced by blended elemental 
powder metallurgy(P/M) method and subsequent thermomechanical treatment. Low cycle fatigue(LCF) behavior of P/M T12LCC 
alloy before and after thermomechanical treatment was studied. The results show that the LCF resistance of P/M titanium alloy is 
significantly enhanced through the thermomechanical treatment. The mechanisms for the improvement of LCF behavior are 
attributed to the elimination of residual pores, the microstructure refining and homogenization. 
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1 Introduction 
 

Titanium alloys have been widely used in air and 
space applications for their high specific strength and 
good oxidation resistance at moderate temperatures. 
Recently, titanium alloys have a high potential in 
application in automotive industries. However, compared 
with steel and other metallic materials widely used 
nowadays, the application of titanium alloys is still 
limited due to the high manufacturing cost associated 
with the expensive raw materials and difficult processing. 
The titanium alloys prepared by blended elemental P/M 
method have the potential to overcome the cost problem 
[1−2]. 

Fatigue behavior is very important for titanium alloy. 
Thermomechanical treatment is an effective method for 
enhancing the fatigue resistance of ingot metallurgy(IM) 
titanium alloys. In near α type and α/β type IM titanium 
alloys, thermomechanical processing combined with 
subsequent annealing in the α/β two phase region is 
known to be effective to transform the colony 
microstructure into a fine equiaxed microstructure with 
small α grains[3], which shows good ductility and better 
fatigue behaviors. In β type IM titanium alloys, 

thermomechanical treatment is also involved to improve 
the low cycle fatigue(LCF) resistance through grain 
refinement and uniform distribution of α precipitates[4]. 
The fatigue behavior of P/M titanium alloys has been 
studied since 1980’s[5−9], and was found to be 
comparable to the cast and even wrought alloys. The 
fatigue properties of P/M titanium alloys obtained so far 
essentially meet the requirements for most applications. 
However, when considering applications in power train 
systems and advanced engine systems, high risk is still a 
concern because of the residual porosity and 
inhomogeneous grain size. Like P/M ferrous gears or 
connecting rods, secondary processing operations are 
needed. Thermomechanical treatment should be a 
suitable way for secondary processing operation and 
improving the fatigue behavior of P/M titanium alloys. 

In this work, the low cycle fatigue(LCF) behaviors 
of P/M T12LCC alloys before and after 
thermomechanical treatment were studied. The 
mechanisms of the improvement were also studied. 
 
2 Experimental 
 

An alloy with nominal composition of Ti-1.5Fe- 
6.8Mo-4.8Al-1.2Nd (mass fraction, %) was prepared by 
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blended elemental powder metallurgy. The physical 
characteristics of elemental and master alloy powders 
used in fabrication of titanium alloys are listed in Table 1. 
To attain a density higher than 95%, fine titanium 
powder (＜45 µm) produced by the hydride-dehydride 
(HDDH) process was used[6]. The Nd-Al master alloy 
was prepared by arc-melting 500 g ingot from high 
purity Nd (＞99.9%) and aluminum (＞99.9%) in dry 
argon atmosphere, and the nominal composition is 
40Nd-60Al (molar fraction, %). Then the as-cast Nd-Al 
alloy ingots were crashed into powder. The processing 
steps for fabricating T12LCC alloy were presented in 
Fig.1. The raw powders were blended in a high efficient 
blender for 1 h under the protection of argon atmosphere, 
followed by cold isostatic pressing under a pressure of 
200 MPa. The powder compacts were sintered at 1 300 

 for 3℃  h in a vacuum of 5×10−3Pa, followed by 
furnace cooling. Then hot forging was conducted at a 
temperature around 1 100  with a maximum strain of ℃

50%, and then the forged billet was heat treated 
according to the following schedule: holding at 810  ℃
for 1 h, water quenching and then annealing at 580  for ℃

8 h. With regard to the LCF testing, cylindrical 
specimens with gauge size of d 8 mm ×30 mm were 
used. The LCF tests were carried out at room 
temperature in air at a constant strain rate of 6×10−3 s−1 
by using a MTS 810 Type fatigue property tester. The 
cyclic stress strain(CSS) behavior was determined under 
fully reversed axial loading(R=−1) using a triangular 
wave shape signal. The tests were continued till complete 
fracture. The microstructure of tested samples was 
examined by optical microscopy (OP), and the 
morphologies of the fracture surface were examined by 
scanning electron microscopy(SEM). 
 
Table 1 Characterizations of raw elemental powders 

Powder Mean  
size/µm 

Oxygen  
content/% 

Processing  
method 

Ti 8.0 0.34 
Hydride- 
dehydride 

Mo 4.96 0.20 Reduction oxide 
Al 15.1 0.36 Gas atomization 

Fe 4.15 0.54 
Carbonyl  

decomposition 

Nd-Al 8.65 0.66 
Disintegration of 

master alloy 

 

  
Fig.1 Processing steps for fabricating P/M T12LCC alloy 

At last, the LCF behavior of the P/M T12LCC alloy 
was calculated and analyzed by the equation based on the 
Morrow, Coffin and Manson’s model[10]. The equation 
is expressed as follows: 
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where  ∆εt/2 is the total strain amplitude, which 
comprises the elastic strain amplitude (∆εe/2) and plastic 
strain amplitude (∆εp/2); E is the elastic modulus; fσ ′   
is the fatigue strength coefficient; b is the fatigue 
strength exponent; fε ′  is the fatigue ductility coefficient; 
c is the fatigue ductility exponent; and 2Nf represents the 
fatigue life. All these parameters are calculated using 
linear regression analysis of the logarithm of strain 
amplitudes, lg(εt/2), vs the logarithm of the fatigue life, 
lg(2Nf). 
 
3 Results 
 

Microstructures of P/M T12LCC alloy before and 
after hot forging and heat treatment are shown in Fig.2. 
In the as-sintered state (Fig.2(a)), inhomogeneous 
microstructure with lower porosity (＜2.5%, Table 2) is 
found, and the average primary β grain size is estimated 
to be 150 µm. After hot forging, all the primary coarse β 
grains are disintegrated (Fig.2(b)), and the residual pores 
almost disappear. As shown in Fig.2(c), much finer and 
homogeneous microstructure without any pores is 
obtained after subsequent heat treatment. The average 
grain size is about 60 µm. It can be concluded that the 
thermomechanical treatment is an effective method to 
densify the P/M titanium alloy and refine the 
microstructure. The monotonic tensile properties of the 
P/M T12LCC alloy are listed in Table 2. Compared with 
the as-sintered state, the tensile strength of T12LCC 
alloys increases by about 120 MPa. The ductility is also 
improved, in particular, the reduction of area is even 
doubled. 

The LCF behavior of the Ti12LCC alloy is analyzed 
using the relationship between total strain amplitude 
(∆εt/2) and the number of reversals to failure (2Nf) 
according to the Eqn.(1). The values of the fatigue 
parameters are listed in Table 3. The strain-life equations 
of as-sintered state (Eqn.(2)) and as-forged and heat 
reated state (Eqn.(3)) are presented as follows: t
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    From above experimental results, the cyclic strength 
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factor(K′) and the cyclic work hardening exponent(n′) for 
hot-forged and heat-treated P/M T12LCC alloy are both 
higher than those of the same alloy in the as-sintered 
state. The fatigue life data in terms of cycles to failure 
 

 
Fig.2 Optical microstructures of P/M T12LCC alloys: (a) As- 
sintered; (b) As-forged; (c) As-forged and heat treated 

against the plastic strain amplitude are plotted in Fig.3. It 
can be seen that the fatigue life for hot-forged and 
heat-treated P/M T12LCC alloy is much higher than that 
of the alloy in the as-sintered condition at the same strain 
amplitude. The above results declare that the as-forged 
and heat treated alloy has a good fatigue resistance than 
the as-sintered one. The values of b and c are also 
calculated by using the value of cyclic work hardening 
exponent(n′) and the relationships proposed in Ref.[11]. 
There is not good agreement between the experimental 
and calculated values of b and c as listed in Table 3. This 
disparity is attributed to the inhomogeneous nature of 
deformation. 
 

 

Fig.3 Low cycle fatigue behaviors of as-sintered and as-forged 
and heat treated P/M T12LCC alloys 
 

The fracture behavior of the P/M T12LCC alloy 
specimens is illustrated by the fractographs of Fig.4. It 
can be seen that some residual pores exist in the 
as-sintered samples (Figs.4(a) and (b)). Pores and 
inclusions, both on the specimen surface and in the 
interior can be found as sites for microcracking. At the 
same time, the colony microstructure results in a rough 

 
Table 2 Mechanical properties of P/M T12LCC alloys tested at room temperature 

State 
Relative density/ 

% 
Tensile strength, 

σb/MPa 
Yield strength, 
σ0.2/MPa 

Elongation, 
δ5/% 

Reduction of area,
ψ/% 

As-sintered 97.5 1172 1109 8.4 12 
As-forged and heat treated 100 1298 1203 10.3 25 

 
Table 3 Fatigue parameters of P/M T12LCC alloys before and after hot forging and heat treatment 

State fσ ′  b 
(Experimental) fε ′  c 

(Experimental) K′ n′ 
b 

(Calculated) 
c 

(Calculated)

As-sintered 2 512.4 −0.131 7 0.066 47 −0.797 32 3 251.85 0.141 75 −0.110 44 −0.779 1 

As-forged and heat 
treated 2 537.0 −0.198 1 0.004 82 −0.699 00 11 855.00 0.286 10 −0.182 00 −0.636 0 
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Fig.4 Fractographs of as-sintered (a, b) and as-forged and heat treated (c, d) P/M T12LCC alloys 
 
surface morphology, indicating that the specimen is 
failed by transgranular fracture. In contrast to the 
as-sintered state, there are almost no residual pores in the 
microstructures after forging and heat treatment, as 
shown in Figs.4(c) and (d). The fractographic features 
exhibit a relatively plan morphology and are 
characterized by transgranular fracture combined with 
ductile tearing of the dimple-type (Fig.4(d)). 
 
4 Discussion 
 

Fatigue crack initiation in polycrystalline materials 
is controlled by the occurrence of various stress raisers 
such as fatigue slip bands, impurities, and precipitates. 
As for the P/M materials, the effect of these stress raisers 
is accumulated with pore structure characterized by pore 
size, shape, density and distribution. It is more difficult 
to describe accurately the crack initiation process in 
porous materials compared with fully dense materials 
[12]. Fatigue testing of P/M titanium alloys has revealed 
that crack initiation is frequently localized at pore groups, 
mostly at/near the specimen surface[13−14]. Residual 
pores are an intrinsic characteristic of alloy fabricated by 
blended elemental P/M method with cold pressing and 
pressureless consolidation. In T12LCC alloy studied, 
Kirkendall effect between elemental titanium powders 

and aluminum powders even increases the porosity. 
Though the formation of instantaneous liquid phase 
resulting from the melting of Nd-Al master alloy would 
enhance the sintering density[15], the sintered compact 
can not reach full density, and about 2.5% porosity is 
also retained. The distribution of retained pores in P/M 
T12LCC alloy is non-uniform, as shown in Fig.2(a) and 
Fig.4(a). The raw powders exhibit a particle size range 
and some segregation, which can not be avoided during 
die filling. During compaction, bridging occurs, resulting 
in an inhomogeneous porosity distribution in the cold 
compact. During sintering, packing inhomogeneities are 
not eliminated but are rather accentuated in both solid 
state and liquid phase sintering. Because of the existing 
and inhomogeneous distribution of retained pores, the 
fatigue crack propagated by the mechanism of crack 
linking and/or joining of isolated pores is present, as 
shown in Fig.4(b). This phenomenon extremely increases 
the speed of crack propagation. 

Hot forging is effective to densify the P/M alloy and 
is widely used to improve the applied performance. As 
shown in Fig.2(b), P/M T12LCC alloy is fully densified 
after hot forging and heat treatment. Simultaneously, the 
impurities are also broken up and dispersed in the alloy 
matrix. The densification and impurities dispersion make 
the source of crack initiation reduced extremely, and the 
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propagation speed of cracks is also reduced. Thus the 
fatigue resistance is significantly improved. 

The dependency of the fatigue crack nucleation 
under high stress amplitudes (LCF regime) on the 
microstructures can be explained in terms of the slip path 
of fatigue slip bands[16]. The longer slip path is 
expected to easily cause slip-off of the intense slip band, 
thereby leading to fatigue crack initiation even at the 
lower stress level. In IM titanium alloys, a microstructure 
containing large colonies of similarly orientated platelets 
causes long slip path of the dislocations, and is found to 
be responsible for the low smooth fatigue life[17−18]. 
Compared with the coarse colonies, the homogeneous 
and fine grains can shorten the slip path of dislocations, 
thus decreasing the probability of fatigue fracture[19]. 
Furthermore, the increase of interface density caused by 
the grain refining would also lead to temporary crack 
arrest and then slow down the microcrack propagation. 
Thus, refining and homogenization of the microstructure 
is effective to enhance the fatigue resistance.  In the 
P/M T12LCC alloy studied, the as-sintered 
microstructure (Fig.2(a)) exhibits a relatively coarse 
microstructure (150 µm) because of the high sinter 
temperature (1 300 ), and the microstructure is also ℃

inhomogeneous due to the different driving forces of 
sintering resulted from the inhomogeneous deformation 
of particles with different sizes during compaction. 
Ostwald ripening effect also affects the microstructure 
homogeneity[20]. Such coarse and inhomogeneous 
microstructure possesses a weak fatigue resistance as 
discussed above. Hot forging is a process combined with 
the compression and shearing. Under the severe shearing 
stress, all the primary coarse β grains are disintegrated. 
Much finer and homogeneous microstructure is obtained 
through complete recentralization in subsequent heat 
treatment (Fig.2(c)). Therefore, the fatigue performance 
is improved due to the microstructure refining and 
homogenization after hot forging and subsequent heat 
treatment. Similar results are obtained by researches on 
the β-C[21], Ti-10-2-3[22] and Ti-8-8-2-3[23] alloys. 

It is known that the ductility of a material is an 
important factor of low-cycle fatigue life. In general, a 
specimen with poor ductility has a relatively short 
low-cycle fatigue life in comparison with one with good 
ductility. The densification and refining of 
microstructure through thermomechanical treatment 
increase the ductility of the P/M Ti12LCC alloy as 
shown in this work and our previous work[15]. Then the 
specimen with better ductility (after forging and heat 
treatment) will possess relatively higher fatigue 
resistance than that with lower ductility (in as-sintered 
state). 

 
5 Conclusions 
 

1) The residual porosity and inhomogeneous grain 
size in blended elemental P/M titanium alloys weaken 
the fatigue resistance, and thermomechanical treatment 
can solve this problem and improve the fatigue behavior.  

2) The controlling mechanisms can be explained by 
the residual pores elimination and grain refining and 
homogenization.  

3) For application in fatigue tolerant parts, blended 
elemental P/M titanium alloys should be 
thermomechanically treated. 
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