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Titanium alloys are ideally suited for use in implant or osteosynthesis applications due to their 
good mechanical properties, corrosion resistance, and biocompatibility. In terms of higher strength 
applications, Ti–6Al–4V and Ti–6Al–7Nb are frequently used. However, both alloys contain the alloying 
elements aluminum and, in the former case, vanadium, which could have toxic effects on the human 
body. Therefore, in the present study, two novel, medium- to high-strength titanium alloys, Ti–0.44O–
0.5Fe–0.08C–0.4Si–0.1Au and Ti–0.44O–0.5Fe–0.08C–2.0Mo, have been developed on the basis of 
CP-Titanium Grade 4. They only contain alloying elements, which are either already present in the human 
body or which are biocompatible. Dedicated thermo-mechanical treatments were developed for both 
alloys and the resulting mechanical properties were evaluated by tensile and (partly) fatigue tests with 
subsequent fracture surface analysis. Results reveal that these new alloys show excellent mechanical 
properties and, therefore, might be a possible alternative for Ti–6Al–4V for use in medical applications.

Introduction
Several materials are used in medical engineering, but titanium 
and titanium alloys are the best suited due to their combina-
tion of good mechanical properties, corrosion resistance, and 
biocompatibility [1, 2]. In terms of α and ( α+ β ) alloys, CP-
Titanium (lower strength applications) and Ti–6Al–4V (either 
as standard alloy or with extra low interstitials, Ti–6Al–4V ELI), 
Ti–6Al–7Nb or Ti–5Al–2.5Fe (higher strength applications) 
are often used [1, 2]. Since vanadium is a toxic element, which 
might also have a toxic effect on the human body when used as 
alloying element in implant materials, the latter two alloys were 
developed as alternative for Ti–6Al–4V and contain niobium 
and iron, respectively, instead of vanadium [1, 2]. However, 
those ( α+ β ) alloys still contain aluminum as alloying element, 
whose proven and suspected detrimental effects on the human 
health have been intensively studied regarding several aspects of 
daily life. On the one hand, aluminum can be neurotoxic [3–6]. 
This neurotoxicity has been linked with several effects on the 
human body or diseases, including dementia [3, 6]. On the other 
hand, a possible relationship between aluminum and, among 
others, Alzheimer’s disease has been investigated and discussed 

in several publications [3–7]. Due to possible detrimental effects 
of occupational or non-occupational aluminum exposure, asso-
ciated health risks have been assessed comprehensively, for 
example in the studies by Tietz et al. [5] or Krewski et al. [7].

As far as the authors know, no detrimental effects on human 
health due to use of aluminum-containing titanium alloys as 
implant material have been reported so far. However, since 
adverse effects might be possible, the development of titanium 
alloys which contain a non-critical substitute for the alloying 
element aluminum (as done with vanadium in the past) would 
be of benefit to patients. Moreover, the patient acceptance of 
such an alloy might be higher compared to conventional, alu-
minum-containing titanium alloys, since the general population 
becomes sensitized regarding aluminum exposure.

Therefore, in the present study, two medium- to high-
strength titanium alloys, Ti–0.44O–0.5Fe–0.08C–0.4Si–0.1
Au and Ti–0.44O–0.5Fe–0.08C–2.0Mo, were developed as 
possible alternatives for Ti–6Al–4V. Both were produced 
in larger scale, which, in terms of the molybdenum contain-
ing alloy, resulted in a slightly different chemical composi-
tion of Ti–0.63O–0.58Fe–0.096C–2.10Mo. First, several 


 F

OC
US

 IS
SU

E

© The Author(s) 2022 

Invited Paper

ADVANCES IN TITANIUM BIO-IMPLANTS

http://orcid.org/0000-0003-1423-9787
http://crossmark.crossref.org/dialog/?doi=10.1557/s43578-022-00605-2&domain=pdf


 
 J

ou
rn

al
 o

f M
at

er
ia

ls
 R

es
ea

rc
h 

 
 V

ol
um

e 
37

  
 I

ss
ue

 1
6 

 A
ug

us
t 2

02
2 

 w
w

w
.m

rs
.o

rg
/jm

r

© The Author(s) 2022 2590

Invited Paper

thermo-mechanical processing routes for plate rolling had 
been studied in terms of Ti–0.44O–0.5Fe–0.08C–0.4Si–0.1
Au in order to achieve a fine-grained equiaxed microstruc-
ture after recrystallization annealing with low amounts of 
retained lamellae. The resulting, optimized multi-step process-
ing route is described in detail in the present study together 
with the microstructure evolution after the different steps of 
this route. Afterward, additional studies were performed on 
Ti–0.44O–0.5Fe–0.08C–2.0Mo (regarding an additional lot, 
produced in larger scale, but with slightly lower molybdenum 
content). Since comparable findings were found, the optimized 
processing route of Ti–0.44O–0.5Fe–0.08C–0.4Si–0.1Au was 
adapted to Ti–0.63O–0.58Fe–0.096C–2.10Mo. This adapted 
route, the microstructures obtained, and differences to Ti–0.4
4O–0.5Fe–0.08C–0.4Si–0.1Au are also described in detail in the 
present study. Additionally, tensile tests with subsequent frac-
ture analysis were performed on both alloys. In terms of Ti–0.4
4O–0.5Fe–0.08C–0.4Si–0.1Au, these tests have been performed 
regarding two rolled plates with different thicknesses, since a 
different plate thickness during one vital step of the process-
ing route influenced the resulting microstructure and, hence, 
the mechanical properties. Additionally, tensile tests as well as 
fatigue tests with subsequent fracture analyses were performed 
at rotary swaged rods of this alloy in the recrystallized state. 
Ti–0.44O–0.5Fe–0.08C–2.0Mo (produced in laboratory scale) 
and Ti–0.44O–0.5Fe–0.08C–0.4Si–0.1Au have already been 
(briefly) addressed elsewhere [8].

Both alloys are based on CP-Titanium Grade 4+ (which 
is Titanium Grade 4 with maximum allowed content of 
oxygen, iron, and carbon according to ASTM F67-13  [9]; 
Ti–0.4O–0.5Fe–0.08C) and several other in-house alloy devel-
opments for use in medical applications [10, 11]. In terms of 
the chemical composition of the alloys discussed in the present 
study, oxygen and carbon are central elements of the human 
body, iron and molybdenum are essential (trace) elements, and 
silicon is under consideration to be classified as essential [12]. 
Gold is not a required (trace) element [12], but is seen as bio-
compatible [2]. However, it has to be noted that, on the one 
hand, the classification of elements as essential/non-essential/

detrimental might change over time due to ongoing research, 
and, on the other hand, the doses of a particular element in 
the human body has an influence, whether it has a detrimental 
or—in case of essential elements—beneficial effect [12]. As a 
consequence of this, CP-Titanium was used as basis for alloy 
development to ensure high corrosion resistance (low amount 
of ions released in surrounding tissue), and only low amounts 
of alloying elements were added for solid solution strengthen-
ing. Therefore, it is expected that both alloys show an improved 
biocompatibility compared to Ti–6Al–4V.

The microstructure evolution described in this study is 
solely related to thermo-mechanical processing in order to 
obtain a wrought material with a suitable microstructure for 
subsequent fabrication of final parts. However, welding might be 
performed on semi-finished products leading to a heat affected 
zone alongside of the weld pool and, consequently, to changes in 
microstructure and mechanical properties either after welding 
or during post weld heat treatments [13]. The microstructure 
evolution within such heat affected zones is beyond the scope 
of the present study, although being relevant for the application 
of finished products and although several findings of the pre-
sent investigation may apply as well. The reader may consult for 
instance the study by Akhtar et al. [14] and Khajuria et al. [15] 
to get an overview how different subzones of heat effected zones 
can be simulated experimentally, analyzed, and characterized in 
terms of for example phase transformations, the role of alloy-
ing elements, and mechanical properties. Some of these pro-
cedures are also applicable for optimizing thermo-mechanical 
treatments.

Results and discussion
Microstructure evolution

Figure 1 shows the microstructure of Ti–0.44O–0.5Fe–0.08C–
0.4Si–0.1Au (a) and Ti–0.63O–0.58Fe–0.096C–2.10Mo (b) in 
the as received condition. Ti–0.44O–0.5Fe–0.08C–0.4Si–0.1
Au exhibits a coarse bi-lamellar microstructure with primary α
-laths, fine secondary α-laths with widths up to a few microm-
eters formed in former β-laths, and grain-boundary-α . Partly, 

Figure 1:   Microstructure of 
Ti–0.44O–0.5Fe–0.08C–0.4Si–0.1Au 
(a) and Ti–0.63O–0.58Fe–0.096C–
2.10Mo (b) in the as received 
condition.
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irregular or massive α-structures are visible (not shown in the 
images). In terms of Ti–0.63O–0.58Fe–0.096C–2.10Mo, a differ-
ent lamellar microstructure is present in the as received condi-
tion as can been seen in Fig. 1(b): Individual α-lamellae exhibit 
a width of only a few micrometers, but, partly, form α-colo-
nies with widths up to several hundred micrometers. However, 
many laths have an irregular shape and differ significantly in 
length and width. As a result, the laths do not exhibit the typi-
cal elongated, straight, and parallel geometry (within colonies). 
These laths and colonies, therefore, differ from those typically 
observed in lamellar microstructures of titanium alloys. Moreo-
ver, irregular or massive, partly equiaxed α-grains, as can be seen 
in the top left corner of Fig. 1(b), and grain-boundary-α are 
present. In both microstructures, β-phase is present as evident 
by high-magnification SEM images, EDX analysis (enrichment 
of the β-stabilizers iron or molybdenum in β-grains), and XRD 
analysis.

After solution treatment close to β-transus with subsequent 
water quenching during the multi-step processing route (roll-
ing), the microstructure of Ti–0.44O–0.5Fe–0.08C–0.4Si–0.1Au 
depends on plate thickness prior to annealing. This is depicted 
in Fig. 2, which shows the microstructure (cross section) in the 
center of a plate’s cross section in terms of a plate thickness of 
approx. 8 mm (a) and approx. 12 mm (b). As can be seen, the 
thinner plate exhibits a martensitic microstructure throughout 
the cross section and some retained α-grains. The thicker plate, 
however, shows a lamellar microstructure with grain-bound-
ary-α in the plate’s center due to slower cooling. This particular 
plate, analyzed in the present study, showed martensite only 
within a very narrow surface layer in terms of the middle part of 
the plate. At the edge of the plate with regard to the plate’s width, 
however, martensite was present over the full plate’s thickness or 
in a much higher depth. Another similar processed plate (not 
covered by the present study) with comparable thickness before 
solution treatment (but with the thermal barrier coating still 
applied during solution treatment) exhibited the same micro-
structure, but martensite was present within a thicker surface 
layer. Additionally, the thickness of this martensitic layer varied 
in terms of the plate’s width. This indicates that the cooling rate, 

on the one hand, might not be homogeneous throughout the 
plate’s profile during water quenching and, on the other hand, 
cannot be kept constant. However, the applied thermal bar-
rier coating may have influenced these results. Moreover, the 
martensite present in both plates described in the present study 
exhibit an acicular as well as massive morphology. The latter 
is undesired, since parallel martensite plates decompose to α
-colonies during subsequent annealing and do not always get 
broken down fully during final rolling. This leads to retained 
lamellae within the recrystallized microstructure as described 
later. Retained α-grains can be beneficial in order to limit β-gain 
growth and, thus, the size of α-colonies or of massive martensite.

Consequently, after subsequent annealing, the microstruc-
ture of the thicker plate is inhomogeneous with respect to 
the plate’s cross section, since martensite decomposed during 
annealing, whereas existing lamellae became coarser. This is 
depicted in Fig. 3, which shows the microstructure (cross sec-
tion) at the edge of the plate in terms of the plate’s width (a) and 
in the center of the cross section (b). As can be seen in Fig. 3(a), 
acicular martensite fully decomposed to fine ( α+ β ) lamellae 
and α-colonies were formed out of massive martensite. In the 
center of the plate’s cross section, however, the microstructure 
became much coarser and still consists of coarse α-colonies 
and grain-boundary-α , as seen in figure (b). For comparison, 
Fig. 4 depicts the microstructure of the thinner plate at simi-
lar locations of the plate’s cross section. As evident, martensite 
decomposition and formation of fine lamellae (former acicular 
martensite) and α-colonies (former massive martensite) took 
place along the entire plate’s width leading to a homogeneous 
microstructure.

As a result, there is no significant difference in the rolled 
and recrystallized microstructure across the width of the thin-
ner plate, as can be seen in the upper half of Fig. 5, which shows 
the microstructure in longitudinal direction at the edge and 
in the middle of the plate in terms of the plate’s width. The 
microstructure consists of fine, equiaxed α-grains, which are 
not fully homogeneous in size, and a comparable small amount 
of β-grains. However, there are also retained lamellae present, 
which were not broken down (fully) during rolling. In this case, 

Figure 2:   Microstructure of 
Ti–0.44O–0.5Fe–0.08C–0.4Si–0.1Au 
after solution treatment in the 
center of a plate’s cross section 
regarding a plate thickness of 
approx. 8 mm (a) and of approx. 
12 mm (b).
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they have to result from decomposed massive martensite. In 
terms of the thicker plate, the microstructure at the edge of the 
plate in terms of the plate’s width, see the lower left image of 
Fig. 5, where martensite was present after solution treatment, is 
finer, consisting primarily of recrystallized, equiaxed α-grains 

(not homogeneous in size) and of a small amount of retained 
lamellae, compared to the middle of the plate, as shown in the 
lower right image of Fig. 5, where deformed but (mostly) unre-
crystallized former α-colonies are still present in higher quantity. 
Consequently, the microstructure in the middle of the thicker 

Figure 3:   Microstructure of 
Ti–0.44O–0.5Fe–0.08C–0.4Si–0.1Au 
(thicker plate, cross section) after 
solution treatment and annealing 
at the edge of the plate in terms 
of the plate’s width (a) and in the 
center of the cross section (b).

Figure 4:   Microstructure of 
Ti–0.44O–0.5Fe–0.08C–0.4Si–0.1Au 
(thinner plate, cross section) after 
solution treatment and annealing 
at the edge of the plate in terms 
of the plate’s width (a) and in the 
center of the cross section (b).

Figure 5:   Comparison of the micro-
structure of Ti–0.44O–0.5Fe–0.08C–
0.4Si–0.1Au (longitudinal section) 
at the edge and in the middle of 
the thinner and thicker plate in 
terms of the plate’s width after 
final rolling and recrystallization 
annealing.
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plate appears to be coarser compared to the thinner plate. Since 
the α-phase of (pure) titanium exhibits only a limited number of 
independent slip systems with close-packed slip directions [13], 
it is believed that the main reason for the presence of retained 
lamellae is the comparable low number of slip systems, which 
become activated in these lamellae during rolling. As a con-
sequence, some lamellae remain (mostly) undeformed and are 
present in different sizes and with different degrees of recrystal-
lization. Sometimes, pronounced plastic deformation or shear-
ing of α-lamellae only took place within very narrow regions 
of α-colonies, indicating the presence of slip bands. As a result, 
equiaxed α-grains are formed within these slip bands only.

During subsequent studies on suitable thermo-mechanical 
processing routes in terms of Ti–0.44O–0.5Fe–0.08C–2.0Mo, it 
was found out that the same findings regarding the breakup and 
recrystallization of α-colonies mostly also apply to the molyb-
denum containing alloy. As a consequence, the processing route 
established for Ti–0.44O–0.5Fe–0.08C–0.4Si–0.1Au was adapted 
to Ti–0.63O–0.58Fe–0.096C–2.10Mo. In this case, only the solu-
tion annealing temperature had to be adjusted due to differences 
in β-transus of the alloys (the holding time has to be chosen with 
respect to plate thickness). Nevertheless, there are significant 
differences between the microstructures of both alloys during 
processing, which are described in the following.

After solution treatment close to β-transus of a plate with 
a thickness of approx. 12 mm, martensite was, in contrast to 
Ti–0.44O–0.5Fe–0.08C–0.4Si–0.1Au with same plate thickness, 
present throughout the entire cross section together with some 

retained α-grains. The difference is attributed to the alloying 
element molybdenum which diffuses more slowly than the other 
alloying elements present here (see, for example, the study of 
Iijima et al. [16] for the diffusion of silicon and the study of 
Nakajima and Koiwa [17] for the diffusion of molybdenum in 
β-Ti), so that diffusion controlled transformation is retarded 
and martensitic transformation extended toward lower cooling 
rates. Martensite plates closer to the plate’s surface had a dif-
ferent morphology with a much higher length. Since the size 
of the former β-grains is similar, this might be caused due to 
differences in cooling rate. After subsequent annealing, the mar-
tensite decomposed to a fine ( α + β)-microstructure as presented 
in Fig. 6 for the edge of the plate in terms of the plate’s width 
(a) and the middle of the cross section (b). As can be seen, the 
microstructure is quite heterogeneous consisting, on the one 
hand, of primary α-lamellae with different lengths and widths 
due to differences in martensite, structures similar to α-colonies, 
and grain-boundary-α . On the other hand, (almost) equiaxed α
-grains and fine secondary α-lamellae formed in (prior) β-lamel-
lae or grains are present, which both indicates that the amount 
of β-phase was comparable high during annealing, thus leading 
to a bi-lamellar microstructure after air cooling.

After final rolling and recrystallization annealing, equi-
axed α-grains, retained (deformed) α-lamellae and α-colonies, 
grain-boundary-α as well as β-grains are present, as can be 
seen in Fig. 7, which shows an optical microscopy micrograph 
in the middle of the plate in terms of the plate’s width (a) 
and a SEM image (b). Since a BSE detector was used, β-grains 

Figure 6:   Microstructure of 
Ti–0.63O–0.58Fe–0.096C–2.10Mo 
(cross section) after solution treat-
ment and annealing at the edge 
of the plate in terms of the plate’s 
width (a) and in the middle of the 
cross section (b).

Figure 7:   Microstructure of 
Ti–0.63O–0.58Fe–0.096C–2.10Mo 
(longitudinal section) after final 
rolling and recrystallization 
annealing: (a) optical microscopy 
micrograph, middle of the plate in 
terms of the plate’s width, (b) SEM 
image using a BSE detector.
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are clearly distinguishable from α-grains, since the alloying 
element molybdenum, as a β-stabilizer, partitions into the β
-phase [13], thus leading to a higher mass contrast. In com-
parison with the thinner and thicker plate of Ti–0.44O–0.5Fe–
0.08C–0.4Si–0.1Au, see Fig. 5, the number of retained lamellae 
is comparable high. However, the microstructure is much finer 
as can been seen in Fig. 7(b): Very fine equiaxed or elongated 
α - as well as β-grains in the nanometer- and micrometer-range 
are present.

To summarize microstructure evolution during thermo-
mechanical processing (rolling) of both alloys, it can be con-
cluded that a fine lamellar ( α+ β ) microstructure obtained via 
full martensite decomposition is an ideal initial microstruc-
ture for final rolling: Fine recrystallized, equiaxed α-grains 
with (compared to, for example, full lamellar microstructures 
obtained via air cooling after annealing close to/above β-transus) 
small amounts of retained lamellae are obtainable. However, in 
case of thicker plates of Ti–0.44O–0.5Fe–0.08C–0.4Si–0.1Au, 
a martensitic microstructure cannot be obtained throughout 
the entire plate, leading to a higher amount of unrecrystallized 
lamellae. In general, such retained α-colonies indicate that the 
degree of deformation during final rolling was not sufficient 
enough for a full breakdown of the microstructure. This defor-
mation degree was limited in this study due to processing under 
laboratory conditions, since final rolling had to be performed 
with a thickness reduction of only approx. 0.2 mm during each 
pass and with subsequent annealing prior to further rolling. 
Consequently, during industrial thermo-mechanical processing, 
a better microstructure should be obtainable for both alloys after 
recrystallization annealing.

In terms of Ti–0.44O–0.5Fe–0.08C–0.4Si–0.1Au, rods of this 
alloy were also rotary swaged and recrystallization annealed. 
In general, the microstructures (longitudinal sections) of 
the recrystallized rods are coarser compared to rolled plates, 
although the same recrystallization annealing treatment was 
performed. This indicates that the “effective” degree of defor-
mation—that is the total degree of deformation less the defor-
mation degree lost for recrystallization due to recovery of the 
microstructure—was lower than after rolling. Moreover, to some 
extent, different rods exhibit a different microstructure, and, fur-
thermore, this structure is not homogeneous along the longitu-
dinal axis as well as along the thickness of rods. In terms of the 
edge area of rods and longitudinal sections, equiaxed α-grains 
are present (almost) exclusively, with the exception of one ana-
lyzed rod, which also exhibited retained lamellae to some extent. 
However, in terms of the center of the rods, equiaxed primary 
α as well as elongated α-grains or retained lamellae are present. 
The extent of which elongated grains or retained lamellae are 
present differs along the longitudinal axis as well as between 
rods. Additionally, β-grains are present.

Mechanical properties

Table 1 lists the mechanical properties of Ti–0.44O–0.5Fe–
0.08C–0.4Si–0.1Au and Ti–0.63O–0.58Fe–0.096C–2.10Mo 
after rolling or rotary swaging and recrystallization annealing 
in terms of the yield strength, YTS, ultimate tensile strength, 
UTS, and the elongation after fracture, A. Additionally, mini-
mum requirements and typical values of Ti–6Al–4V are listed 
for comparison. In terms of Ti–0.44O–0.5Fe–0.08C–0.4Si–0.1
Au, the rotary swaged and recrystallized material exhibits the 
highest yield and ultimate tensile strength, which are within 
typical values of Ti–6Al–4V. In contrast, the elongation after 
fracture is lower compared to rolled material of this alloy, but is 
still higher than typical elongations of Ti–6Al–4V. However, it 
has to be noted that the rupture elongation is stated for one of 
two tested tensile specimens only, since it is expected that this 
value is representative. The other specimen fractured prema-
turely at an elongation of 10.5% with fracture analysis suggest-
ing the presence of a manufacturing defect. In terms of rolled 
material of this alloy, it can be seen that the thickness prior to 
solution annealing has an impact on mechanical properties. 
The thinner plate exhibits a yield and ultimate tensile strength 
of approx. 850 MPa and approx. 890 MPa, respectively, which 
are (almost) within typical values of Ti–6Al–4V, but at least 
higher than minimum requirements. The thicker plate, how-
ever, exhibits a yield and ultimate tensile strength of approx. 
825 MPa and approx. 835 MPa, respectively, and, consequently, 
lower mechanical properties, which do not fulfill minimum 
requirements of Ti–6Al–4V (in regard to UTS). The elongation 

TABLE 1:   Mechanical properties (mean values if not indicated otherwise) 
of the studied alloys and required and typical values of Ti–6Al–4V.

aRotary swaged and recrystallized material.
bValue representative/valid specimen.
cRolled and recrystallized material.
dThinner plate (prior to solution annealing).
eThicker plate (prior to solution annealing).
fPossibly overestimated by up to 11 MPa.
gMinimum requirements for rods according to DIN EN ISO 5832-3:2017-
03 [18].
hTypical values [19].

Alloy YTS (MPa) UTS (MPa) A (%)

Ti–0.44O–0.5Fe–0.08C–0.4Si–0.1Au 872a 910a 18.3a,b

851c,d 892c,d 21.6c,d

826c,e 836c,e 22.1b,c,e

Ti–0.63O–0.58Fe–0.096C–2.10Mo 1116c 1153c,f 16.5c

Ti–6Al–4V 780g 860g 10g

800–1100h 900–1200h 13–16h
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after fracture, however, is similar for both plates and, addition-
ally, much higher than typical values of Ti–6Al–4V. In terms 
of the thicker plate, the elongation after fracture is stated for 
one tested tensile specimen only, since, regarding the second 
specimen, rupture probably occurred outside of the measure-
ment section, therefore, leading to an underestimated rupture 
elongation of approx. 3%.

As already described, the difference between the rotary 
swaged and rolled specimens (thinner plate) of Ti–0.44O–0.5
Fe–0.08C–0.4Si–0.1Au is in particular the coarser microstruc-
ture of the rotary swaged material. According to basic princi-
ples of grain-boundary strengthening, the rotary swaged mate-
rial should therefore exhibit a lower yield and ultimate tensile 
strength compared to the rolled material. However, the opposite 
is the case. On the one hand, differences in texture might exist, 
since both deformation processes differ in material flow and 
since the deformation temperature was different. In terms of 
unidirectional rolling and ( α+ β)-alloys, it is already established 
that the deformation temperature has an influence on, among 
others, texture intensity [13]. Due to the overall poorer deform-
ability of the α-phase [13], the slip systems might be more unfa-
vorably oriented in the rotary swaged material during tensile 
testing compared to the rolled specimens, so that their activation 
is more difficult. This might also explain the significant lower 
ductility. On the other hand, the rotary swaged material might 
exhibit a higher amount of retained work hardening due to a 
poorer recrystallization of the microstructure, therefore, lead-
ing to a higher yield strength and lower ductility. However, the 
ratio between yield and ultimate tensile strength is similar for 
the rotary swaged material and the thinner plate of the rolled 
material, therefore, suggesting a comparable amount, if any, of 
retained work hardening.

Regarding the rolled material of Ti–0.44O–0.5Fe–0.08C–0.
4Si–0.1Au, the higher yield and ultimate tensile strength of the 
thinner plate could be attributed to its overall finer and more 
homogeneous microstructure after recrystallization annealing. 
This is the result of the homogeneous and finer microstructure 
of the thinner plate after solution treatment and annealing, con-
sisting of decomposed martensite throughout the cross section, 
which enhances microstructure breakup during subsequent 
rolling and formation of equiaxed grains, as already described. 
This conclusion can be made even if the thicker plate did not 
exhibit the same degree of deformation (approx. 0.80) during 
final rolling than the thinner plate (approx. 0.71), since a higher 
deformation degree tends to increase microstructure breakup, 
therefore, promoting recrystallization and the formation of a 
finer microstructure with enhanced mechanical properties. 
As described above, major differences between the recrystal-
lized microstructures of both plates are the larger amount of 
deformed, mostly unrecrystallized former α-colonies present in 
the middle of the thicker plate and its coarser microstructure 

compared to the thinner plate. With regard to grain-boundary 
hardening, the lower yield and ultimate tensile strengths of the 
thicker plate might be the result of these microstructural dif-
ferences. Moreover, the higher yield ratio of the thicker plate 
of approx. 99% compared to approx. 95% of the thinner plate 
might suggest that the thicker plate exhibits a greater amount 
of retained work hardening, which might be a result of the 
larger quantity of (mostly) unrecrystallized α-colonies present 
in related specimens. However, the presence of retained work 
hardening would be inconsistent to the similar elongation after 
fracture as well as to the greater uniform plastic elongation of 
the thicker plate of approx. 10% (representative specimen only) 
compared to an uniform plastic elongation of approx. 8% of the 
thinner plate, though this might also be the result of the limited 
number of specimens tested in terms of the thicker plate.

Ti–0.63O–0.58Fe–0.096C–2.10Mo exhibits a very high 
yield and ultimate tensile strength of 1116 MPa and approx. 
1153 MPa, respectively, combined with an elongation after 
fracture of 16.5%. However, it has to be noted that the ultimate 
tensile strength might be overestimated by up to 11 MPa due 
to use of a hysteresis loop during testing for better determi-
nation of the elastic modulus (and, thus, yield strength). It is 
usually observed that the stress after performing the hysteresis 
loop increases beyond the stress value measured before. As a 
consequence, this behavior might have influenced UTS deter-
mination, since the loop was performed close to UTS of this 
alloy. As stated in Table 1, Ti–6Al–4V can reach such high static 
mechanical properties, but as far as the authors know, those 
values are only obtainable when multi-step annealing treat-
ments for microstructural optimization are applied. In contrast, 
Ti–0.63O–0.58Fe–0.096C–2.10Mo exhibits such values after 
applying a standard recrystallization treatment for obtaining 
an equiaxed microstructure.

The much higher strength of Ti–0.63O–0.58Fe–0.096C– 
2.10Mo compared to Ti–0.44O–0.5Fe–0.08C–0.4Si–0.1Au 
is assumed to be the result of a significant higher solid solu-
tion strengthening as well as of the much finer microstructure 
(grain-boundary hardening) of the molybdenum containing 
alloy. Earlier investigations with, among others, the alloy systems 
Ti-0.44O-0.5Fe-0.08C-0.4Si and Ti-0.44O-0.5Fe-0.08C-2.0Mo 
regarding laboratory-size specimens already revealed a higher 
yield and ultimate tensile strength of the latter alloy as well as 
a strong solid solution strengthening effect of the alloying ele-
ment oxygen [8]. Consequently, due to the much higher oxygen 
content in Ti–0.63O–0.58Fe–0.096C–2.10Mo compared to Ti–0
.44O–0.5Fe–0.08C–0.4Si–0.1Au, it is believed that this alloying 
element strongly contributes to the much higher strength. This 
solid solution strengthening effect could also be responsible for 
the lower ductility of the molybdenum containing alloy despite 
of the finer microstructure. Additionally, it is expected that 
the higher amount of β-phase in the molybdenum containing 
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alloy has a positive effect on the strength, because the number 
of phase- or grain-boundaries is increased [8]. Since retained 
lamellae are present to a higher extent, a certain amount of 
retained work hardening compared to the thinner plate of Ti–
0.44O–0.5Fe–0.08C–0.4Si–0.1Au would be expected according 
to the previous statements. This is reasonable to accept, since the 
yield ratio is at least approx. 97% due to the possible overestima-
tion of the ultimate tensile strength. This work hardening would 
lead to an increased yield strength and a decreased ductility.

In terms of fatigue tests regarding rotary swaged and 
recrystallized material of Ti–0.44O–0.5Fe–0.08C–0.4Si–0.1A
u, fracture of fatigue specimens occurred at a stress amplitude 
of approx. 298 MPa (R ≈ 0.02) and 270 MPa (R ≈ 0.03). One 
specimen failed after only approx. 591,000 cycles with a stress 
amplitude of approx. 247 MPa (R ≈ 0.02). However, fracture 
surface analysis revealed the presence of a retained radial score 
mark, which is adjacent to the fracture surface. Therefore, it was 
concluded that this score mark acted as notch leading to stress 
concentrations and, thus, promoting early fatigue failure. A sec-
ond specimen tested with a stress amplitude of approx. 248 MPa 
and a R-value of approx. 0.02 did not fail ( 5× 10

6 cycles), as well 
as a specimen tested with a stress amplitude of approx. 266 MPa 
and a R-value of approx. 0.04. Although the number of tests per-
formed is not sufficient for a reliable statement regarding fatigue 
properties, it indicates that the fatigue endurance limit is higher 
compared to Ti–6Al–4V ELI. Ono et al. [20] performed high 
cycle fatigue tests on Ti–6Al–4V ELI under similar conditions 
as in the present study (microstructure with equiaxed primary 
α-grains, fatigue tests with a stress ratio R of 0.01, a frequency 

of 10–15 Hz, and a temperature of 293K) with up to 107 cycles 
instead of 5× 10

6 cycles of the present study. A stress amplitude 
of approx. 200 MPa and of approx. 150 MPa was withstood for 
approx. 106 and 107 cycles, respectively [20]. This is much less 
than the stress levels used in the present study.

Fracture surface analysis

All mechanical experiments were accompanied by fracture sur-
face analysis to determine the microscopic fracture behavior. 
Since both alloys contain a higher amount of oxygen, they might 
be prone to fracture via a microscopic brittle mechanism [13], 
which would, possibly, limit the usability of the alloys. In terms 
of tensile specimens, the fracture surfaces predominantly show 
dimples regardless of processing via rolling or rotary swaging. 
These dimples are characteristic for a microscopic ductile frac-
ture [21]. Additionally, features as depicted in Fig. 8 (fracture 
surface of Ti–0.44O–0.5Fe–0.08C–0.4Si–0.1Au; rotary swaged 
and recrystallized material) are present locally, which will be 
designated as “facets”. Facets are often seen in terms of titanium 
alloys [22]. In case of the present study, these facets exhibit 
different appearances, which are shown in the detail images 
(a) and (b) of Fig. 8. To a minor extent, facets exhibit (only) 
river patterns as seen in image (a), which are characteristics 
of a transgranular cleavage fracture [23]. In this case, it can be 
seen that the crack originates somewhere near the bottom left 
corner and propagates to the upper right. In the direction of 
crack propagation there are, first, several steps or river patterns. 
However, several ridges appear in crack propagation direction, 

Figure 8:   Fracture surface of 
Ti–0.44O–0.5Fe–0.08C–0.4Si–
0.1Au (round tensile specimen, 
rotary swaged, and recrystallized 
material) showing facets with river 
patterns (a) and ductile ridges (b).
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as can be seen in the upper right corner of Fig. 8(a). The high-
resolution image (b) indicates that these features do not show 
the characteristic sharp edge of river patterns and rather seem 
to be the result of a much more ductile plastic flow of the mate-
rial. Facets exhibiting these ridges are seen to a much higher 
extent compared to facets showing just/also river patterns. The 
ridges themselves can have a pronounced or weak appearance. 
All in all, their appearance is similar to those described in the 
literature (for example by Pilchak and Williams [22], who refer 
to several other studies regarding the influence of hydrogen and 
the appearance of facets in order to discuss their observations). 
To summarize, within their studies, Pilchak and Williams [22] 
connected the occurrence of these fracture surface features with 
the influence of hydrogen present in the alloy. Consequently, 
hydrogen might also have an influence regarding the alloys of 
the present study. However, since there is no clear evidence 
for this theory, it remains to be an assumption. In terms of the 
analyzed specimen of Ti–0.63O–0.58Fe–0.096C–2.10Mo, one 
crack initiation and propagation with the formation of steps and 
ductile ridges occurred on the shear lip. It is, therefore, more 
likely that this crack initiation occurred in the vicinity of the 
main crack during crack propagation. As a consequence, such 
facets do not necessarily appear to be initiation sites for main 
cracks and, therefore, to induce early specimen failure. Moreo-
ver, facets are only present locally with sizes of up to several ten 
micrometers, as can be seen in Fig. 8. Consequently, there is an 
overall much higher amount of dimples, which indicate good 
microscopic ductility.

In terms of fatigue tests, fracture surface analysis (fatigue 
and transient area only) was performed on the specimen tested 
at the highest stress amplitude of approx. 298 MPa (approx. 
1,097,000 cycles, R-value approx. 0.02). One smaller part of the 
fracture surface fractured at a different location of the measuring 
section resulting in a distinct height change of the fracture sur-
face. Since facets and striations are visible in both areas, it might 
be the case that two separate fatigue cracks were initiated and 
propagated through the material. In general, fatigue cracks are 
usually initiated as a surface crack and propagate via the forma-
tion of facets, i.e., crystallographic, and then via the formation 
of striations [22, 24]. Corrosive effects should, therefore, play a 
role during crystallographic propagation [24]. Additionally, it 
is established that laboratory air already has a negative effect on 
fatigue properties due to the influence of hydrogen [25].

In terms of the present study, the fracture surface might 
indicate an influence of hydrogen and the alloying element 
oxygen on the fatigue crack initiation or propagation. Figure 9 
depicts an overview of the fracture surface as well as higher 
magnification images of two different locations (a) and (b). 
Location (a) is close to the height change and exhibits one facet 
with (almost) no visible roughness and other smooth facets. 
Since the former is characteristic for the initiation point of a 

fatigue crack and the latter are characteristic for a small crack 
length [22], site (a) might be the crack initiation site or at least 
very close to it. This indicates that the corresponding fatigue 
crack was not formed as surface crack. In general, a high amount 
(much higher compared to the tensile specimens) of facets is 
present in the fatigue as well as in the transient area of the frac-
ture surface. This already becomes apparent in the overview of 
the fracture surface in Fig. 9 and is further discussed in terms 
of site (b), which is close to the area of overload fracture. Facets 
with high roughness as well as striations are visible. The high-
magnification image (c) shows that the fatigue crack propagates 
from the bottom left with the formation of facets. In propaga-
tion direction, a transition from facets to striations is visible, 
see arrow (d). These striations were formed over a short length 
of several micrometers only. The distance between individual 
striations is thereby small, which indicates an early stage of crack 
propagation [24]. However, at arrows (e) and (f), a punctiform 
source for crack propagation via the formation of facets seems 
to exist. These facets are very rough, which indicates that an 
existing crack with significant length propagated [22]. However, 
at arrow (g), striations are again visible. The reverse transition 
from facets to striations back to facets is also seen in Fig. 9(b). 
It, therefore, appears that the fatigue crack can change its way 
of propagation. This is unusual, since, as already described, 
there usually is a transition from crystallographic propagation 
to a ductile propagation with formation of striations [22, 24]. 
Moreover, ductile ridges are seen on some facets similar to those 
present in terms of the tensile specimens. However, Pilchak and 
Williams [22] did not observe these ridges regarding a continu-
ously cycled specimen as in the present study, but only regard-
ing dwell fatigue and tensile specimens. Since these ridges were 
connected with the influence of hydrogen [22], the results of the 
present study indicate that hydrogen might also have an influ-
ence on fatigue behavior in the alloy and fatigue tests studied 
here. This is consistent with the known negative influence of 
hydrogen on fatigue properties [25]. Additionally, on the one 
hand, it is established that the alloying element oxygen tends 
to lead to embrittlement [13]. On the other hand, a negative 
effect of oxygen on fatigue endurance limit was already reported 
by Amherd Hidalgo et al. [26], who produced Ti–6Al–7Nb via 
metal injection molding and with varying oxygen content. 
They suggested that this negative influence might be caused 
due to local embrittlement preventing stress concentration 
reduction [26]. These findings in the literature, the overall high 
amount of oxygen present in the alloy compared to conventional 
titanium alloys, the unusual changes in crack propagation, and 
the crack initiation within the specimen suggest, that the alloy-
ing element oxygen might have an impact on fatigue crack initia-
tion or propagation in terms of the alloys studied here.

Despite of these findings, the mechanical properties of Ti–
0.44O–0.5Fe–0.08C–0.4Si–0.1Au are (still) high. However, the 
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number of performed fatigue tests is too small for a general-
ized statement. Although the precise influence or effect of oxy-
gen and hydrogen remains unknown in the present study, it is 
expected that Ti–0.44O–0.5Fe–0.08C–0.4Si–0.1Au has a lower 
fatigue strength when used as implant material due to continual 
corrosive attacks in the human body.

Conclusion
In the present study, two novel titanium alloys, Ti–0.44O–0.5Fe–
0.08C–0.4Si–0.1Au and Ti–0.63O–0.58Fe–0.096C–2.10Mo, for 
use in medical applications were developed and analyzed. First, 
a thermo-mechanical processing route for rolling under labora-
tory conditions was established and microstructure evolution 
during different stages of this processing route was described in 
detail for both alloys. Second, the resulting mechanical proper-
ties of rolled or rotary swaged and recrystallized material were 
examined via tensile and fatigue tests. Third, fracture surface 
analysis was performed to study the microscopic fracture behav-
ior. The following conclusions can be drawn based on the results 
described:

•	 The developed multi-stage processing route for both alloys 
uses a full martensite decomposition prior to final rolling 
in order to obtain a fine lamellar ( α+ β ) microstructure. 
This microstructure leads to equiaxed primary α-grains and 
a comparable (compared to other studied processing routes 
not covered by the present study) small amount of retained 
lamellae after final deformation and recrystallization. The 
thicker plate of Ti–0.44O–0.5Fe–0.08C–0.4Si–0.1Au with a 
plate thickness of approx. 12 mm, however, did not exhibit 
martensite on the entire cross section, which resulted in 
a higher amount of residual lamellae after recrystalliza-
tion annealing and lower mechanical properties. In terms 
of Ti–0.63O–0.58Fe–0.096C–2.10Mo, the microstructure 
is much finer and exhibits more β-phase than Ti–0.44O–
0.5Fe–0.08C–0.4Si–0.1Au. However, the amount of retained 
lamellae is comparable high, but much less compared to 
other studied processing routes for this alloy.

•	 In terms of Ti–0.44O–0.5Fe–0.08C–0.4Si–0.1Au, rotary 
swaged and recrystallized material as well as the thinner 
plate, which was processed, exhibit a yield and ultimate 
tensile strength which are (almost) within typical values of 
Ti–6Al–4V in combination with a ductility of more than 

Figure 9:   Fracture surface of a fatigue specimen (Ti–0.44O–0.5Fe–0.08C–0.4Si–0.1Au) at different locations (a), (b), and (c) of the surface. Arrows (d) and 
(g) show striations, whereas arrows (e) and (f ) show a punctiform source for crack propagation via formation of facets.
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18%. During fatigue tests of rotary swaged and recrystal-
lized material, two specimens withstood a stress amplitude 
of approx. 248 MPa (R ≈ 0.02) and of approx. 266 MPa (R 
≈ 0.04) without failure ( 5× 10

6 cycles). This indicates that 
Ti–0.44O–0.5Fe–0.08C–0.4Si–0.1Au has a higher fatigue 
endurance limit than Ti–6Al–4V ELI, but further investiga-
tions are necessary, since only five specimens could be tested.

•	 Ti–0.63O–0.58Fe–0.096C–2.10Mo exhibits a very high yield 
and ultimate tensile strength of more than 1100 MPa, which 
are in the upper range of Ti–6Al–4V, and a ductility of more 
than 16%.

•	 Fracture surface analysis of the fatigue sample of Ti–0.44O–
0.5Fe–0.08C–0.4Si–0.1Au suggests that hydrogen may play a 
role during fatigue crack initiation or propagation. Addition-
ally, the comparable high oxygen content of this alloy might 
have a potential negative effect.

The present results indicate that Ti–0.44O–0.5Fe–0.08C–0.4Si–0
.1Au and Ti–0.63O–0.58Fe–0.096C–2.10Mo are promising alter-
natives for Ti–6Al–4V for use in medical applications. However, 
further investigations are necessary, on the one hand, to study 
the fatigue properties of Ti–0.63O–0.58Fe–0.096C–2.10Mo. 
Since both alloys are intended for use in implant or osteosyn-
thesis applications, on the other hand, the influence of corrosive 
environments on fatigue and tensile properties of both alloys 
and the role of hydrogen and oxygen on mechanical properties 
have to be investigated, since continued corrosive attacks will 
take place in the human body.

Materials and methods
Alloy production

In terms of Ti–0.44O–0.5Fe–0.08C–0.4Si–0.1Au, approx. 28 kg 
of this alloy were weighed out using CP-Titanium Grade 2 
standard material (Ti-0.135O-0.05Fe-0.018C), CP-Titanium 
Grade 1 foil, TiO2 powder (purity: 99.5%), graphite powder 
(99.9+%), gold granules (99.99%), iron chunks (99.98%), and 
silicon pieces (99.98%). The titanium foil was used to fold a bag, 
which contained all weighed out powder during melting. Alloy 
production was carried out at VACUCAST Feinguss GmbH & 
Co. Metall KG in Berlin, Germany, via cold crucible induction 
melting. After skull production, two smelting processes had 
been performed, after which bars with a diameter of approx. 
38 mm and a length of approx. 360 mm were cast. These bars 
were further processed by VACUCAST before performing 
thermo-mechanical treatments and microstructure analyses.

In terms of Ti-0.44O-0.5Fe-0.08C-2.0Mo, approx. 36 kg of 
this alloy were produced at GfE Metalle und Materialien GmbH 
in Nürnberg, Germany. The ingot had a diameter of approx. 
115 mm and a length of approx. 700 mm. The resulting chemical 

composition was Ti–0.63O–0.58Fe–0.096C–2.10Mo according 
to the provided acceptance test certificate 3.1.

Thermo‑mechanical processing

Comprehensive thermo-mechanical processing studies with 
varying experimental parameters had been performed pre-
liminary on Ti–0.44O–0.5Fe–0.08C–0.4Si–0.1Au as well as 
Ti-0.44O-0.5Fe-0.08C-2.0Mo. These are not covered by the 
present study, but led to the optimized, multi-stage processing 
routes for plate rolling of Ti–0.44O–0.5Fe–0.08C–0.4Si–0.1Au 
and Ti–0.63O–0.58Fe–0.096C–2.10Mo, which are described 
in the following. The experimental parameters cited are those 
which were used to gain the experimental results described in 
this study. Both routes are very similar and only differ in tem-
perature during solution annealing.

In a first step, cylindrical cuts with a diameter of approx. 
38–40  mm and a length of e.  g. 86  mm in terms of the 
silicon containing alloy and a rectangular cut of approx. 
65× 31× 36 mm in terms of the molybdenum containing alloy 
were prepared for better handling with the laboratory-size two-
high rolling mill (non-reversing). Prior to annealing and rolling, 
a paste based on ZrO2, polyethylene glycol 400, and ethanol was 
applied as thermal barrier coating. In a second step, those cuts 
were annealed at 950°C for 45–49 min using a standard cham-
ber furnace and subsequently rolled in several passes in order 
to produce a plate-type wrought product. Between individual 
passes resulting in a thickness reduction of usually 2 mm, the 
plates were annealed at 950°C for 10 min to ensure deform-
ability. This rolling was not intended to introduce work harden-
ing for microstructure recrystallization, but to gain a plate-like 
specimen. In a third step, the plates were subjected to a two-step 
annealing treatment, in which a fully martensite decomposition 
was used to gain a fine lamellar ( α+ β ) microstructure. For this 
purpose, first, the plates were solution treated near β-transus 
at approx. 1025°C (Ti–0.44O–0.5Fe–0.08C–0.4Si–0.1Au) or 
1060°C (Ti–0.63O–0.58Fe–0.096C–2.10Mo) with subsequent 
water quenching to achieve a martensitic microstructure. The 
holding time was varied to take different plate thicknesses into 
account. In terms of the molybdenum containing alloy (plate 
thickness of approx. 12 mm), a holding time of 20 min was used. 
In terms of the silicon containing alloy, the holding times were 
chosen to be 10 min and 15 min for a plate thickness of approx. 
8 mm and 12 mm, respectively. In terms of both plates with 
12 mm thickness, the thermal barrier coating had been removed 
prior to solution annealing. However, in terms of Ti–0.44O–0.5
Fe–0.08C–0.4Si–0.1Au, the cooling rate during water quenching 
of the thicker plate was, in contrast to the thinner plate, (still) 
not high enough to obtain a full martensitic microstructure. 
During the second step of the two-step annealing treatment, 
the plates were annealed at 900°C for 1.5 h with subsequent air 
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cooling. In the fourth step of the processing route, final roll-
ing was conducted. First, a thermal barrier coating as described 
earlier had been applied, after which the plates were annealed 
at approx. 300°C for 20 min and 30 min in terms of the thin-
ner and thicker plates, respectively. Rolling was conducted in 
several individual passes with a thickness reduction of approx. 
0.2 mm in each step to achieve a final degree of deformation (in 
terms of plate thickness) of approx. 0.71 (thinner plate, silicon 
containing alloy), 0.80 (thicker plate, silicon containing alloy), 
and 0.75 (molybdenum containing alloy). Between each rolling 
step, the plates were annealed at approx. 300°C for 4–5 min. 
Recrystallization annealing was performed at 800°C for 2 h with 
subsequent air cooling to obtain an equiaxed microstructure.

Additionally, bars of Ti–0.44O–0.5Fe–0.08C–0.4Si–0.1Au 
were rotary swaged at the Institute for Production Engineering 
and Forming Machines (PtU) at Technical University of Darm-
stadt, Germany. First, they had been rotary swaged to a diameter 
of 18.4 mm in several steps, after which a further reduction to 
a final diameter of approx. 15 mm was performed resulting in 
a degree of deformation of approx. 0.41 during this last step. 
During deformation of bars with diameter below 20 mm, the 
deformation temperature was between 750 and 800°C. After-
ward, the same recrystallization treatment (800°C for 2 h with 
air cooling) was applied as in terms of the rolled plates.

Microstructure analysis

For metallographic sample preparation, small samples were cut 
off, warm embedded into EpoMet™ G (used around specimen 
surface) and Bakelite (used as filler material) molding com-
pound, and were subsequently ground, polished, and etched. 
Longitudinal sections were either cut or ground down to the 
approximate middle of the plate prior to grinding. Grinding 
was performed using SiC-grinding paper of grit sizes P180, 
P240, P320, P400, P600, P800, P1200, and P2500 with a pres-
sure of 6 N (P1200 and P2500) or 10 N per specimen and with 
a rate of rotation of 150 min-1 (counter rotation) in terms of the 
sample holder and the working wheel. Polishing was conducted 
with a polishing suspension containing SiO2 particles of size 
0.05 µm and H2O2 in a volume ratio of 5:1 using a force of 7 N 
per specimen and a rate of rotation of 80 min-1 and 150 min-1 
(counter rotation) in terms of the sample holder and the work-
ing wheel, respectively. Etching was performed with different 
etchants and etching times depending on alloy and microstruc-
ture. In terms of Ti–0.44O–0.5Fe–0.08C–0.4Si–0.1Au, speci-
mens were etched for approx 20 s with an etchant consisting of 
86 ml H2O, 4.5 ml HNO3, 12 ml H2O2, and 5 ml HF. In terms 
of Ti–0.63O–0.58Fe–0.096C–2.10Mo, Kroll’s reagent (100 ml 
H2O, 6 ml HNO3, 3 ml HF) was used for 5–10 s depending on 
microstructure.

For microstructure analysis, a ZEISS Axio Imager.M2m 
reflected light microscope (bright field mode with, if necessary, 
C-DIC method [27]) and, for higher magnification and local 
EDS analysis, a Hitachi TM3000 tabletop microscope (scan-
ning electron microscope) provided with a BSE detector and a 
QUANTAX 70 EDS system from Bruker Nano operated with an 
acceleration voltage of 15 kV were used.

Mechanical properties

Tensile tests were performed at room temperature accord-
ing to DIN EN ISO 6892-1:2017-02 [28] part B on rolled and 
recrystallized plates as well as on rotary swaged and recrystal-
lized material. In terms of Ti–0.63O–0.58Fe–0.096C–2.10Mo, 
four flat tensile specimens (rolled and recrystallized material) 
were tested. The corresponding plate had a thickness of approx. 
12 mm prior to solution annealing (see multi-stage processing 
route for plate rolling). In terms of rolled material of Ti–0.44O–
0.5Fe–0.08C–0.4Si–0.1Au, tensile specimens were manufactured 
out of two different plates in order to determine the influence 
of different amounts of retained lamellae after recrystallization 
treatment on the resulting mechanical properties. The first plate 
(four specimens) had a thickness or approx. 8 mm and the sec-
ond plate (two specimens) a thickness of approx. 12 mm prior to 
solution annealing. In all cases, flat tensile specimens according 
to DIN EN ISO 6892-1:2017-02 [28] were used with the testing 
direction parallel to the long axes of the rolled and recrystallized 
plates. In terms of rotary swaged and recrystallized material of 
Ti–0.44O–0.5Fe–0.08C–0.4Si–0.1Au, two round tensile speci-
mens of type B4x20 according to DIN 50125:2016-12 [29] were 
used. During all tensile tests, the initial stress, the stress rate in 
the elastic regime, and the test speed was set to 5 MPa, 10 MPa/s, 
and 0.005 1/s or 0.006 1/s, respectively. A hysteresis loop was 
used for determination of the elastic modulus in order to get 
a better estimation of the yield strength. This yield strength 
was determined as strength at a plastic deformation of 0.2%. 
All tensile tests were performed on a universal testing machine 
(200 kN) with SCHENCK-TREBEL test frame and ZwickRoell 
ZMART.PRO control system.

Moreover, force-controlled fatigue tests were performed 
on rotary swaged and recrystallized material of Ti–0.44O–0.
5Fe–0.08C–0.4Si–0.1Au. Five round specimens in the style of 
ASTM E466-15 [30] (specimens with tangentially blending filets 
between the test section and the ends) were manufactured. How-
ever, the diameter of the specimens in terms of the test section 
varied between approx. 3.4–4.0 mm. All specimens had a metric 
fine threat (M9) and, after machining, were first ground manu-
ally in radial direction with SiC-grinding paper up to a grit size 
of P2500 in order to remove any remaining scratches. Additional 
grinding was subsequently performed in longitudinal direction 
with a grit size of P2500 until no radial score marks were visible 
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in a stereomicroscope using ten times magnification. After 
measuring the diameter, all samples were, again, ground slightly 
with P2500 grinding paper in longitudinal direction to remove 
any scratches caused by the caliper. Finally, all specimens were 
cleaned in ethanol using an ultrasonic bath and any remaining 
scratches or abnormalities were documented. All fatigue tests 
were performed on a universal testing machine (100 kN) with 
SCHENCK test frame, INSTRON control system, and Wave-
Matrix™ software. A sinusoidal force with a frequency of 8 Hz 
and a R-value between approx. 0.02 and 0.04 was used. Tests 
were performed at stress amplitudes/mean stresses of approx. 
298/312, 270/285, 247/260, 248/259, 266/289 MPa and were 
stopped after 5× 10

6 cycles. Since the duration of the transient 
response or the settling time of the testing machine was not 
constant for all specimens and took between a few ten thousand 
up to roughly 500,000 cycles, the stresses given are calculated 
as medium stresses after the transient response ended and were 
rounded to integers. During settling time, the maximum stress 
decreased and the minimum stress increased, which, therefore, 
has a negative impact on fatigue properties. However, it has to 
be noted that the ambient temperatures might not have satis-
fied room temperature and the air moisture might have changed 
throughout the tests.

After tensile and fatigue tests, fracture surface analysis 
was performed via scanning electron microscopy to study the 
microscopic fracture behavior. In terms of tensile tests, all 
specimens of Ti–0.44O–0.5Fe–0.08C–0.4Si–0.1Au and exem-
plary one specimen of Ti–0.63O–0.58Fe–0.096C–2.10Mo with 
lowest measured elongation after fracture were analyzed. In 
terms of fatigue tests, the specimen tested at the highest stress 
amplitude/medium stress of approx. 298/312 MPa and one 
specimen tested at the lowest stress level, but which fractured 
unsuspected early, were investigated. In all cases, a ZEISS LEO 
1550 FE-SEM with an acceleration voltage of 5 kV and an 
Everhart-Thornley-Detector (SE-mode) was used.
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