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Abstract 

To examine near-threshold fatigue crack propagation in commercially pure (CP) titanium with 

a bimodal harmonic structure, which is defined as a coarse grained structure surrounded by a 

network of fine grains, K-decreasing tests were conducted. The crack growth rates for 

harmonic-structured CP titanium were higher than those for homogeneous material with 

coarse grains at comparable stress intensity range, while the threshold stress intensity range 

was lower. This phenomenon was attributed to a reduction in the extent of crack closure and 

the effective threshold stress intensity range, resulting from the presence of fine grains in the 

harmonic structure.  
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1. Introduction 

Various metallic materials, including stainless steels, cobalt alloys, magnesium alloys, 

titanium alloys and commercially pure (CP) titanium, have been previously investigated as 

biomaterials [1-7] for the replacement of bone tissue. CP titanium is of particular interest in 

this regard since it exhibits good biocompatibility and high corrosion resistance, and does not 

contain toxic elements such as Cr, Al or V. However, this material has lower tensile strength 

and fatigue strength than titanium alloys [1-4], and so improving the mechanical properties of 

CP titanium has become an important topic. The mechanical properties of metallic materials 

are affected by their microstructure, and grain refinement has been shown to be an effective 

method for increasing the strength of CP titanium [4,8-15]. 

The homogeneous fine-grained structure resulting from severe plastic deformation 

typically decreases the ductility of a metal [11,14-18], including that of CP titanium 

[11,14,15], via the early induction of plastic instability. Previous investigations have 

demonstrated that a new microstructural design can improve both the strength and ductility 

(or toughness) of some metallic materials [8,14-31]. As an example, Sergueeva et al. [8] 

reported that both the strength and elongation of CP titanium were improved by high-pressure 

torsion followed by brief low temperature annealing. Our own research group [24-31] has 

developed a harmonic structure concept for the fabrication of titanium-based materials with 

high strength and ductility, based on powder metallurgy. This process generates a coarse 

grained structure surrounded by a network of fine grains. CP titanium [24-27] with a 
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harmonic structure has exhibited higher strength and ductility than homogeneous specimen 

with coarse microstructures. This microstructure design technique can control the grain size 

distribution by varying several process parameters [25,27,28,30]. 

Another important aspect of the mechanical properties of biomaterials is fatigue 

resistance, which is dependent on the microstructure and stress ratio (the ratio of the minimum 

to the maximum stress) [4,10-13,28-39]. Kitahara et al. [11] determined that the 

characteristics of fatigue crack propagation in CP titanium are affected by the microstructure, 

and that the threshold stress intensity range, Kth, decreases as the grain size decreases with 

increasing number of accumulative roll bonding cycles. Our prior work focused on the fatigue 

properties of a Ti-6Al-4V alloy with a bimodal harmonic structure and demonstrated that the 

fatigue limit in this alloy was higher than that for homogeneous analogues [28,29], while the 

fatigue threshold associated with long crack propagation was reduced [30,31]. Therefore, it 

would be helpful to examine the effects of a bimodal grain size distribution on fatigue crack 

propagation in harmonic-structured CP titanium, to assist in obtaining properties suitable for 

practical medical and biological engineering applications. 

The purpose of the present study is to examine near-threshold fatigue crack 

propagation in harmonic-structured CP titanium with a bimodal grain size distribution, since 

this material is known to exhibit superior mechanical properties. The effect of grain size on 

fatigue crack propagation at different stress ratios and the associated mechanism were also 

investigated using the crack closure concept, fractography and crystallography.  
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2. Experimental procedure 

2.1 Material 

CP titanium containing 0.004% C, 0.04% Fe, 0.015% N, 0.111% O, 0.012% H (all by 

mass, with the remainder being titanium) was employed in the present study. This metal was 

made into a powder (150 m particle diameter) using the plasma rotating electrode process 

[40]. Fig. 1 demonstrates a schematic illustration of the process by which a 

harmonic-structured material with a bimodal grain size distribution was fabricated via MM 

and spark plasma sintering (SPS). As the mechanically milled powder containing fine surface 

grains undergoes SPS, each fine grained region is consolidated, just as in conventional 

sintering. The resulting network structure, shown in Fig. 1(c), is referred to as a harmonic 

structure. Mechanical milling (MM) to form fine grains at the powder particle surfaces was 

performed using a planetary ball mill with SUJ2 steel balls in an Ar atmosphere for 360 ks. 

The powders were subsequently consolidated by SPS at 1073 K for 0.6 ks under vacuum less 

than 15 Pa, and 50 MPa applied pressure using a 25 mm internal diameter graphite die to 

produce the specimens referred to herein as the MM series. Sintered materials fabricated from 

the as-received initial powder (referred to herein as the Untreated series) were also prepared 

for comparison purposes. The MM series exhibited almost the same elongation as the 

Untreated series, but higher 0.2% proof stress and tensile strength values in results of a prior 

study [41]. 

In addition, samples of bulk titanium containing 0.01% C, 0.10% O, 0.004% N, and 
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0.02% Fe (all by mass, with Ti as the balance) were used in this study to examine the effect of 

grain size on fatigue crack propagation in CP titanium. Two types of bulk materials were 

prepared. One was a coarse grained titanium that was used as-received (the C-Bulk series) 

while the other was a fine grained titanium (the F-Bulk series) that was cold-rolled to a 50% 

reduction and subsequently annealed at 873 K for 18 ks. The microstructures of the sintered 

compacts and bulk materials were characterized using electron backscattered diffraction 

(EBSD).  

A flowchart summarizing the specimen preparation procedure is presented in Fig. 2. 

A total of four specimen types with different microstructures were prepared. 

 

 

 

 

Fig.1 Schematic illustration of process for formation of harmonic-structured material. 
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Fig.2 Flowchart of specimen preparation procedure. 

2.2 Fatigue crack propagation test 

The present study employed disk-shaped compact (DC(T)) specimens (2 mm thick) 

based on the ASTM standard. K-decreasing tests were conducted in ambient air with three 

different values of the stress ratio, R, of 0.1, 0.5 and 0.7 to approach the fatigue threshold of 

the specimens. Fatigue crack propagation tests were conducted at the same conditions as the 

previous study to compare the behavior of Ti-6Al-4V alloy. The magnitude of crack closure 

was monitored by the unloading elastic compliance method [42]; closure stress intensity Kcl 

was obtained from the closure load Pcl. The details can be found elsewhere [30]. Following 

the crack propagation tests, the fracture surfaces and crack profiles were observed by 

scanning electron microscopy (SEM) to elucidate the fatigue crack propagation mechanism. 

3. Results 

3.1 Microstructural characterization of CP titanium 

Inverse pole figure (IPF) maps obtained by EBSD analysis for the (a) Untreated and 

(b) MM series are shown in Fig. 3. The Untreated series evidently contains coarse grains (Fig. 

3(a)), whereas the MM series is composed of both fine and coarse equiaxed grains (Fig. 3(b)). 

The fine grains form a continuous three-dimensional network structure that surrounds the 

coarse grains. The most significant difference between this harmonic structure and a 

conventional bimodal structure is that all the fine-grained regions are interconnected in a 

continuous network.  
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Table 1 summarizes the average grain size and the area of the fine-grained 

microstructure for the MM series. The average grain size for the MM series (19.5 m) was 

smaller than that for the Untreated series (122 m), in which the majority of grains were 

coarse, as shown in Fig. 3(a). This difference occurred because grain refinement proceeded at 

the powder particle surfaces due to the increased strain induced by the MM process. This 

increased strain in turn decreased the average grain size in the fine grained structures, which 

are defined as grains less than 10 m in size, of the sintered compacts (Table 1(b)). 

Furthermore, the average grain size in the coarse grained structure was also lower (Table 1(c)), 

implying that grains in the interiors of the powder particles were reduced in size during MM.  

 

 

 

 

Fig.3 Inverse pole figure maps obtained by EBSD analysis for (a) Untreated and (b) MM 

series. 

Table 1 Average grain size and areal fraction for fine-grained structure in MM series. 

(a) Average grain size in entire microstructure, m 19.5 

(b) Average grain size in fine grained structure, m 5.2 

(c) Average grain size in coarse grained structure, m 25.9 
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(d) Areal fraction of fine grained structure, % 31.0 

 

Fig. 4 provides IPF maps obtained from EBSD analysis of the bulk materials. Maps 

are provided for the (a) as-received material (C-Bulk series), (b) 50% cold-rolled material, 

and (c) annealed material pre-treated with cold rolling (F-Bulk series). The average grain size 

for the C-Bulk series was 47 m (Fig. 4(a)). In contrast, the IPF map for the cold-rolled 

material is of poor quality because of the high degree of strain induced by cold rolling (Fig. 

4(b)), whereas Fig. 4(c) demonstrates that fine equiaxed grains with an average size of 10 m 

were formed in the subsequently annealed material (F-Bulk series). It is therefore evident that 

bulk homogeneous materials with different grain sizes were prepared. 

 

 

 

 

 

Fig.4 Inverse pole figure maps obtained by EBSD analysis for (a) as-received material 

(C-Bulk series), (b) cold-rolled material, and (c) annealed material pre-treated with cold 

rolling (F-Bulk series). 

 

3.2 Effect of stress ratio on fatigue crack propagation in CP titanium sintered compacts 
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Fig. 5 plots the crack growth rate, da/dN, for the Untreated and MM series against 

K, for stress ratios of R = 0.1, 0.5 and 0.7. In both series, Kth exhibits a tendency to 

decrease with increasing R, while da/dN increases with increasing K. Furthermore, the 

da/dN values for the MM series are consistently higher than those for the Untreated 

specimens at comparable K levels. The relationship between Kth and R for the sintered 

compacts is summarized in Fig. 6. The Kth value decreases approximately linearly with 

increasing R. The relationship between Kth and R for both series can be expressed by: 

Untreated series:  Kth = -1.98R + 4.24, and   (2) 

MM series:  Kth = -2.34R + 3.83.   (3) 

 

 

 

 

 

 

 

 

 

Fig.5 Relationship between crack growth rate and stress intensity range for various sintered 
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Fig.6 Relationship between threshold stress intensity range and stress ratio for various 

sintered compacts. 

The Kth values for the Untreated series were higher than those for the MM series at 

comparable stress ratios. However, the absolute value of the slope obtained by plotting the 

MM series data (2.34) was higher than that for the Untreated series (1.98), indicating that the 

stress ratio has a greater effect on near-threshold fatigue crack propagation in the MM series. 

It is also evident that the fatigue threshold for CP titanium was significantly reduced at a 

relatively high stress ratio due to the formation of a harmonic structure. 
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compacts. Fig. 7 plots da/dN against Keff for the Untreated and MM series. In the case of the 

Untreated series, the data series tend to converge to form a single plot near the threshold, 

although the da/dN values are slightly different. This result indicates that the stress ratio has a 

minimal effect on effective threshold stress intensity range, Keff,th, in coarse grained CP 

titanium. In contrast, the Keff,th values for the MM series, each of which had a fine-grained 

structure, varied depending on the stress ratio and tended to decrease with increasing R.  

To examine the effects of the stress ratio and microstructure on the crack closure 

magnitude, the ratio of the closure stress intensity factor, Kcl, to the maximum stress intensity 

factor, Kmax, was calculated for each specimen. Fig. 8 presents the relationship between 

Kcl/Kmax and Keff for the CP titanium sintered compacts at various stress ratios. In this figure, 

the Kcl/Kmax value equals R in the case of samples for which there was no crack closure. The 

Kcl/Kmax values for both series were evidently independent of Keff at a high stress ratio of 0.7, 

signifying that there was no crack closure. In contrast, at R values lower than 0.5, Kcl/Kmax 

tended to increase with decreasing Keff. Moreover, the Kcl/Kmax values for the MM series 

were lower than those for the Untreated series at low stress ratios (0.1 and 0.5). These results 

demonstrate that the presence of a harmonic structure reduced the extent of crack closure in 

the CP titanium sintered compacts, thus lowering Kth. This same effect, in which a bimodal 

harmonic structure affects crack closure, has also been observed with Ti-6Al-4V alloy [31]. 
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Fig.7 Relationship between crack growth rate and effective stress intensity range for various 

sintered compacts. 

 

 

 

 

 

Fig.8 Relationship between Kcl/Kmax and effective stress intensity range for various sintered 

compacts. 
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levels is generally attributed to a roughness-induced mechanism [38,39]. Fig. 9 shows typical 

crack profiles for the (a) Untreated and (b) MM series, following tests at R = 0.5. These 

images confirm that the crack profile was affected by the microstructure. It can also be seen 

that the Untreated series displays a more tortuous and deflected crack path than the MM series. 

EBSD analysis of the MM series after testing found that the fatigue cracks did not 

preferentially propagate in the networked fine-grained structures, but rather traveled through 

the coarse-grained regions. Three-dimensional axonometric drawings were generated to 

characterize the surface topography of the fracture surfaces, and Fig. 10 presents typical 

drawings for the (a) Untreated and (b) MM series following tests at R = 0.1. Here it can be 

seen that the surface topography for the Untreated series was rougher than that for the MM 

series. Coarser microstructures are associated with more tortuous and more highly deflected 

crack paths [32], resulting in increased fatigue crack growth resistance due to 

roughness-induced crack closure.  

Consequently, tortuous, deflected crack paths were suppressed in the bimodal 

harmonic structures, thus decreasing the crack closure magnitude, as shown in Fig. 8.  
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Fig.9 SEM micrographs of crack profiles for (a) Untreated and (b) MM series after testing at 

R = 0.5. 

 

 

 

 

 

Fig.10 Axonometric drawings of fracture surfaces for (a) Untreated and (b) MM series after 

testing at R = 0.1. 

4. Discussion 

The Kth values for the MM series with bimodal harmonic structures were 

consistently lower than those for the Untreated series (Figs. 5 and 6) at comparable stress 

ratios, due to a decrease in the crack closure magnitude (Fig. 8). Furthermore, the Keff,th 
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stress ratios (Fig. 7). It therefore appears that a harmonic structure reduces the fatigue 

threshold in CP titanium by eliminating the crack closure phenomenon. In this section, the 
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The relationship between Kth and R for both bulk homogeneous materials are 

plotted in Fig. 11. For both series, Kth decreases approximately linearly with increasing R as:  

C-Bulk series:  Kth = -0.82R + 2.39, and   (4) 

F-Bulk series:  Kth = -0.97R + 2.37.   (5) 

 

 

 

 

 

 

Fig.11 Relationship between threshold stress intensity range and stress ratio for two types of 

bulk homogeneous materials. 

 

The Kth values for the C-Bulk series were higher than those for the F-Bulk series at 

comparable stress ratios. However, the absolute value of the slope for the F-Bulk series data 

(0.97) was larger than that for the C-Bulk series (0.82), indicating that the stress ratio has a 

significant effect on near-threshold fatigue crack propagation in fine-grained CP titanium.  

In the case of the bulk homogenous materials, crack closure occurred only at an R 

value of 0.1, and so Kcl was calculated for these samples at R = 0.1. Fig. 12 shows the 

relationship between Kcl and K for the bulk homogeneous materials. The Kcl values for 

T
hr

es
ho

ld
 s

tr
es

s 
in

te
ns

it
y 

ra
ng

e 


K
th

, M
P

am
1/

2

2.5

2.0

1.5
1.0

Stress ratio R
0.80.60.40 0.2

C-Bulk series (d = 47 m)

F-Bulk series (d = 10 m)

50 m

50 m
Bulk CP-Ti with 

homogeneous microstructure



17 
 

C-Bulk series exhibit a tendency to decrease with decreasing K. In contrast, Kcl for the 

F-Bulk series is roughly constant at 0.55 MPa m1/2, a value that is lower than that for the 

C-Bulk specimens. These data demonstrate that the grain size strongly influences crack 

closure in CP titanium and that a fine-grained structure reduces the value of Kcl. 

 

 

 

 

 

 

Fig.12 Relationship between closure stress intensity factor and stress intensity range for two 

types of bulk homogeneous materials. 
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plotted in Fig. 14 to allow a better understanding of the grain size effect. These values exhibit 

an exponential increase as R is increased, demonstrating that the effect of grain size on Keff,th 

becomes more significant at higher stress ratios. It is therefore apparent that grain refinement 

significantly reduces Keff,th in CP titanium at relatively high stress ratios. The slopes obtained 

from the dataof Ti-6Al-4V alloy were almost the same under various stress ratios [30]; 

therefore, the extent of grain size effect on Keff,th is dependent of materials. 

 

 

 

 

 

 

Fig.13 Relationship between effective threshold stress intensity range and square root of grain 

size. 
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Fig.14 Relationship between slope and stress ratio. 

 

Based on the above results and discussion, the effects of a bimodal harmonic 

structure on the fatigue threshold in CP titanium can be explained. Fig. 15 presents an 

illustration summarizing the mechanism by which the fatigue threshold in CP titanium is 

reduced as a consequence of the formation of a harmonic structure. In this figure, the fatigue 

threshold for the MM series is lower than that for the Untreated specimens because the 

harmonic structure has a fine grained microstructure, which exhibits low fatigue crack growth 

resistance. At low stress ratios, the fatigue threshold for the MM series is reduced due to a 

decrease in Kcl because of the presence of the fine grained structure. At high stress ratios, the 

effect of the grain size on Kth becomes increasingly significant. Therefore, the fatigue 

threshold for the MM series is still reduced because of the decreased Keff,th. Thus, the fatigue 

threshold for CP titanium is greatly reduced at high stress ratios due to the presence of the 

harmonic structure. 

 

 

 

 

 

Fig.15 Schematic illustration of mechanism for reduction of fatigue threshold in CP titanium 
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following formation of harmonic structure. 

 

5. Conclusions 

The effect of a harmonic structure with a bimodal grain size distribution on 

near-threshold fatigue crack propagation in CP titanium was examined under various stress 

ratios. The effect of the grain size on near-threshold fatigue crack propagation was also 

investigated in order to determine the fatigue crack propagation mechanism in 

harmonic-structured CP titanium. The main conclusions obtained in this study can be 

summarized as follows: 

1. The da/dN values in harmonic-structured CP titanium are higher than those in specimens 

fabricated from as-received powders with coarse grains for comparable values of K. 

2. The crack path in CP titanium is affected by the presence of a harmonic structure, thus 

decreasing the extent of roughness-induced crack closure. 

3. The Kth for harmonic-structured CP titanium is lower than that for material fabricated 

from as-received powders with coarse grains. This difference is attributed to a reduction in the 

extent of crack closure and Keff,th resulting from the presence of fine grains in the harmonic 

structure.  

4. The fatigue crack growth resistance of CP titanium is significantly reduced for high stress 

ratios due to the presence of a harmonic structure. This phenomenon occurs because the effect 

of grain size on Keff,th becomes more significant with increasing stress ratio. 
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