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Abstract
Background. Implants called miniplates, with different geometries, are used for the treatment of a frac-
tured or diseased mandible. Generally, Ti-based miniplates in various quantities and with various geo-
metries are fixed into the bone tissue according to the location and shape of the fracture by embedding.

Objectives. The aim of  this study was to increase the strength of  the material used in the production 
of miniplates by means of the equal-channel angular pressing (ECAP) treatment, and to provide a high-
rigidity fixation system with fewer miniplates. 

Material and methods. In this study, the ECAP method, which is one of the methods of severe plas-
tic deformation, was applied at 4 passes at 300°C in route Bc to increase the strength of pure Ti. Then, 
miniplates were produced with 2 different geometries (regular and long) and 2 different properties of the 
Ti material (untreated and ECAP-treated). The produced miniplates were placed in the fracture line formed 
in the angular region of an artificial, synthetic-bone mandible. The 2-point and 3-point bending and torsion 
tests were conducted on these fixation systems.

Results. As a result, after the ECAP process, the yield and tensile strength of pure Ti increased by 65%, 
while elongation decreased by 13%. After the ECAP process, the grain size of the material was reduced 
from 110 µm to 200 nm.

Conclusions. This study showed that the fixation system became more rigid due to using ECAP-treated mini-
plates, and this ensured lesser displacement of the fixation system.

Key words: equal-channel angular pressing, bending, torsion, mandible fracture, miniplate

Cite as
Ghahramanzadeh Asl H, Alsaran A. In vitro comparison 
of commercial and ultrafine-grained titanium osteosynthesis 
miniplates used on mandibular fractures. Dent Med Probl. 
2020;57(4):351–358. doi:10.17219/dmp/123932

DOI
10.17219/dmp/123932

Copyright
© 2020 by Wroclaw Medical University
This is an article distributed under the terms of the 
Creative Commons Attribution 3.0 Unported License (CC BY 3.0)
(https://creativecommons.org/licenses/by/3.0/).

Original papers 

In vitro comparison of commercial and ultrafine-grained titanium 
osteosynthesis miniplates used on mandibular fractures
Hojjat Ghahramanzadeh Asl1,A–F, Akgün Alsaran2,A,C 

1 Department of Mechanical Engineering Department, Karadeniz Technical University, Trabzon, Turkey
2 Independent researcher, Eskişehir, Turkey

A – research concept and design; B – collection and/or assembly of data; C – data analysis and interpretation;  
D – writing the article; E – critical revision of the article; F – final approval of the article

Dental and Medical Problems, ISSN 1644-387X (print), ISSN 2300-9020 (online) Dent Med Probl. 2020;57(4):351–358

https://creativecommons.org/licenses/by/3.0/


H. Ghahramanzadeh Asl, A. Alsaran. In vitro comparison of CP and UFG Ti osteosynthesis miniplates352

Introduction
Today, biomaterials are frequently used in healing the 

fractures of  the mandible caused by diseases, accidents 
and war. Diseases and fractures in the mandible are found 
in the condyle, body, angle, symphysis, alveolar bone, 
and coronoid regions. Metal implants called miniplates, 
with different geometries, are used for treatment. In the 
angular region, which is one of the most frequently frac
tured regions in the mandible, fixations are applied using 
different geometries and various numbers of  miniplates 
and screws according to the fracture type and size. It is 
also considered to be more advantageous to use a single 
miniplate in the fixation system. In the literature, the 
advantage of using a single miniplate has been noted by 
researchers as minimal dissection and a reduction in the 
volume of the implanted material.1–4

The most important issue in the case of  miniplates, 
which are usually made of  Ti and its alloys, is the rigi
dity of the fixation formed.5–10 Esen et al. studied differ
ent types of  plates and fixation systems under different 
loads by mounting miniplates on angle fractures in sheep 
mandibles.11 As a result, the Ti plate/screw system proved 
to be the most reliable system for fixation in mandible 
angle fractures. In that study, it was also stated that if 
the rigidity of the fixation system is excessive, more load 
should be applied to break the fracture areas of the man
dible.11 The mechanical fixation system formed by plates 
on a mandible bone fracture has been investigated in the 
literature, mostly in terms of the plate geometry and the 
bone fixation method. In a majority of studies, miniplates 
are placed on a sheep mandible or an artificial mandible, 
and then compared with regard to the displacement va
lues under a certain load. The main aim of such studies is 
to determine which type of plate is more durable in terms 
of  both geometry and mandible placement.5,12–15 When 
displacement is low, the broken parts of  the mandible 
are hardly separated from each other, and therefore the 
fixation system exhibits more rigid behavior. For example, 
when the number of screws or miniplates is increased, the 
fixation becomes more rigid.16

Due to the fact that miniplates are often mounted by 
embedding them into the bone tissue, an important con
sideration is the number of miniplates. When the num
ber of miniplates is increased, the surgical area expands, 
and the duration of the treatment is also prolonged. For 
this reason, it is important to establish the most rigid 
fixation system with minimum miniplate usage. This can 
be achieved by making the fixation with a more durable 
material or by increasing the strength of  the material 
used. Miniplates are generally manufactured from com
mercially pure (CP) Ti grade 2 or grade 4. These mate
rials are suitable in terms of biocompatibility, but they are 
ineligible in terms of strength. In order to overcome this 
deficiency, the equalchannel angular pressing (ECAP) 
mechanical process is preferred.

Severe plastic deformation (SPD) techniques are used 
to increase the strength of  different types of  materials. 
A commonly used SPD method is ECAP.17 This method 
is based on the principles of increasing grain density and 
dislocation density in massive forms. It was first proposed 
by Segel et al. in 1977.acc.18 The ECAP method begins with 
passing the material through 2 channels of  an  identical 
crosssection. During this transition, plastic deformation 
occurs in the inner structure of the material due to a sim
ple sliding mechanism; then, the grain size decreases.19,20 
One of the characteristics that stands out in this method 
is that the material becomes ultrafinegrained (UFG), 
which increases its strength and does not cause severe 
decreases in its ductility.17,19,21 Valiev et al. proved the cell 
compatibility of pure UFG Ti and its usage as an implant 
material.22,23 There are also studies indicating that the 
biocompatibility properties of the material may improve 
after the ECAP treatment.24,25

The manufacturing of  UFGstructured Ti miniplates 
and the fixations made from these structures have not 
been biomechanically evaluated by researchers. The use 
of  the ECAP method in miniplatelike implant applica
tions will contribute to similar work being done. For this 
reason, the main purpose of this study was to examine the 
biomechanical performance of UFGstructured Ti mini
plate fixations under static conditions. The aim of  this 
study was to create a  more rigid fixation system by in
creasing the strength of the material used in the produc
tion of miniplates by means of the ECAP treatment. At the 
same time, providing high rigidity with the use of  fewer 
miniplates is the other main purpose of this study. To this 
end, first, the strength of pure Ti was increased using the 
ECAP method, and then miniplates with 2 different geo
metries were produced. The structural and mechanical 
analyses of the coarsegrained (CG) and UFG structures 
were performed. To achieve this, the 2point and 3point 
bending and torsion tests were conducted on the fixative 
models which were formed on the mandible. The parti
cle size and surface topography were investigated using 
scanning electron microscopy (SEM), the focused ion 
beam (FIB) technique, transmission electron microscopy 
(TEM), and optical microscopy (OM).

Material and methods
The material selected for this study was CP Ti grade 2 

with a  composition of  wt%, 0.030% N, 0.100%  C, 
0.015%  H, 0.300% Fe, and 0.250% O. The material was 
received in a  hotrolled and annealed condition, with 
the initial average grain size of  ~110  µm. The ECAP 
billets of  a  length of  130  mm and a  cross section 
of 30 mm × 30 mm were cut using wire electrical dis
charge machining (wireEDM).

The billets were processed with 4 passes of  ECAP 
at 300°C, using a die angle of 90° with a sharp corner, 
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at the rate of 1 mm/s. Route Bc was selected as the ECAP 
processing route. Route Bc consists in the alternating 
rotation of  the billets by 90° counterclockwise for each 
successive pass. During this process, the ECAP billets were 
coated with a graphitebased lubricant before each step.

Samples for the tensile tests were machined with a wire
EDM cut from a billet, where their tensile axis was ori
ented parallel to the extrusion direction. The tensile test 
sample geometry is shown in Fig. 1. The tensile tests of the 
untreated and ECAPtreated samples were performed at 
a strain rate of 5 × 10−4/s,13 each on 3 samples. The ten
sile tests were conducted using the Instron 8872 universal 
testing machine (Instron, Norwood, USA) with an optical 
extensometer, at room temperature.

Transmission electron microscopy and OM were used 
to investigate the microstructures of  the ECAPtreated 
and untreated samples. The sample for OM was pre
pared using standard polishing techniques, and then 
etched with Kroll’s reagent (3  mL HF + 6  mL  HNO3 
in 100  mL of  distilled water).19 The TEM sample was 
produced using FIB (Nova NanoLab 600i; Thermo 
Fisher Scientific, Waltham USA) with the dimensions 
10 µm × 3 µm × 1 µm. The TEM (IEF30; Shinei Tecno 
Co., Ltd., Tokyo, Japan) observations were conducted at 
a nominal voltage of 300 kV.

In this study, 2 geometries of miniplate implants (TST 
Medical Devices, Istanbul, Turkey) were investigated. 
The miniplate implants were manufactured from the un
treated and ECAPtreated materials. The dimensions and 
orientation of the miniplate implants are shown in Fig. 2.

Sixty synthetic polyurethane hemimandible replicas 
(model No. 8596; Synbone AG, Malans, Switzerland), 
having medullar and cortical portions, were used as 
4 groups (n = 15). To simulate a hemimandible fracture, 
an acrylicresin template was used in the mandibular an
gle region.

The fixation groups used in the study are presented in 
Table 1.

The hemimandibles were fixed with 4 different mini
plates, which were then stabilized with a  support appa
ratus. The 2point and 3point bending and torsion tests 
were performed within the scope of this study to simulate 
the forces which the muscles transmit to the bone during 
chewing or the movement of the mandible.26

The AGIS universal testing machine (Shimadzu, Kyoto, 
Japan) was used for the 2point and 3point bending tests 
(Fig. 3). A vertical compression force was applied at a rate 
of  2  mm/min.27 The tests were recorded with a  camera 
recording system (5 images per second).

The torsion tests were performed using the NDW200 
machine (Jinan Liangong Testing Technology Co., Ltd., 
Jinan, China). The torsional force was applied to the ro
tating side at a rate of 5°/min (Fig. 4).28 The torsion test 
continued until the rotation angle reached 30°.

Fig. 3. Hemimandible models fixed to the supporting base for the 3-point (A) 
and 2-point (B) tests

Table 1. Fixation groups

Group Miniplate used in the fixation system

Group 1 regular miniplate produced from the untreated CP Ti

Group 2 regular miniplate produced from the ECAP-treated CP Ti

Group 3 long miniplate produced from the untreated CP Ti

Group 4 long miniplate produced from the ECAP-treated CP Ti

CP – commercially pure; ECAP – equal-channel angular pressing.

Fig. 1. Schematic representation of the extruded billets and  
the orientation of the tensile test samples (A), and the tensile test 
sample dimensions [mm] (B) 

Fig. 2. Dimensions [mm] of the miniplates – regular (A) and long (B) – and 
their orientation (C)
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Results
Figure 5A shows an optical micrograph of the untreated 

CP Ti grade 2. The grain size distribution was not homo
geneous and the average grain size was determined as 
110 µm. A TEM micrograph of  the ECAPtreated billet 
is shown in Fig. 5B. The preparation of the TEM sample 
using FIB is shown in Fig. 5C and 5D. The grain size of the 
ECAPtreated CP Ti grade 2 was ~200 nm.

The engineering stress–strain curves and the tested 
samples of  CG and UFG Ti are shown in Fig.  6. These 
curves indicate that, while ECAP processing increased the 
strength, it also caused a reduction in the overall elonga
tion. The yield strength of  CP Ti grade 2, which corre
sponds to 0.02% plastic deformation, considerably im
proved after 4 passes of ECAP. The yield stress increased 
from ~310 MPa to ~650 MPa after the ECAP process. On 
the other hand, the tensile stress increased from ~535 
MPa to ~795 MPa. After the ECAP process, the failure 
strain of the CP Ti grade 2 decreased from 32% to 19%.

A ductile fracture was observed after the tensile test 
of  the untreated and ECAPtreated samples. Also, SEM 
images of the fractured surfaces were investigated. They 
are presented in Fig. 7.

The force–displacement curves of  the 2point and 
3point bending tests after the application of a compres
sive load on the hemimandible models with different plate 
systems are shown in Fig. 8 and Fig. 10, respectively.

Figure 8 presents the strength in the 2point bending 
tests. When this graph is examined, the regular and long 
miniplates produced from the untreated CP Ti show lower 
strength than the regular and long miniplates produced 
from the ECAPtreated CP Ti. The fixation model with the 
long miniplates produced from the untreated CP Ti mate
rial displaced 10 mm under a load of ~50 N. Under the same 
load, the long miniplate fixation system produced from the 
ECAPtreated CP Ti moved 4 mm. In addition, the fixa
tions established with the long miniplates produced from 
the ECAPtreated material endured to 125 N. It can be seen 
that the fixation system established with the regular mini
plates produced from the untreated CP Ti material dis
placed 10 mm under a load of 85 N. This value was 7 mm 
in the fixation system with the regular miniplates produced 
from ECAPtreated CP Ti. Also, the fixation systems which 
had the regular miniplates produced from the ECAPtreated 
material exhibited a strength of up to ~139 N. The ima ges 
taken during the tests are presented as Fig. 9.

Fig. 6. Engineering stress–strain curves of the untreated and ECAP-treated 
CP Ti grade 2

Fig. 4. Arrangement for the torsion test

Fig. 7. Scanning electron microscopy (SEM) images of the untreated (A) 
and ECAP-treated (B) CP Ti grade 2

Fig. 5. Optical micrograph of the untreated CP Ti grade 2 (A), the 
transmission electron microscopy (TEM) micrograph of the ECAP-treated 
CP Ti grade 2 (B) and the TEM sample (C,D)
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Figure 10 shows the 3point bending test results of  the 
miniplates produced from the untreated and ECAPtreated 
materials. From this graph, it can be seen that the ECAP
treated miniplates are more durable than the miniplates pro
duced from the untreated material, as in the 2point bending 
test. The fixation system established with the long miniplates 
produced from the untreated material displaced 10 mm un
der a load of ~330 N. The fixation system established with 
the long miniplates produced from the ECAPtreated ma
terial displaced 5  mm under the same  load. In  addition, 

the fixation system with the long miniplates produced from 
the ECAPtreated material endured to 590  N. When the 
fixation systems established with regular miniplates were 
examined, those with the regular miniplates produced from 
the untreated material displaced 7 mm at ~395 N. This value 
was ~4.5 mm for the fixation system with the regular mini
plates produced from the ECAPtreated material. Also, the 
fixation system established with the regular miniplates pro
duced from the ECAPtreated material endured to ~515 N. 
The images taken during the tests are given in Fig. 11.

Fig. 9. Fixation systems after and before the 2-point bending tests

A – untreated-regular; B – ECAP-treated-regular; C – untreated-long;  
D – ECAP-treated-long.

Fig. 8. Force–displacement curves of the 2-point bending tests

Fig. 10. Force–displacement curves of the 3-point bending tests

Fig. 11. Fixation systems after and before the 3-point bending tests

A – untreated-regular; B – ECAP-treated-regular; C – untreated-long;  
D – ECAP-treated-long.
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Figure 12 shows the loads corresponding to a 6milli
meter displacement during the 2point and 3point bend
ing tests. According to these results, the ECAPtreated 
miniplates carried more load for both geometries. These 
results were especially related to a decrease in the grain 
size and an increase in the strength of the structure after 
the ECAP process. Also, the fixations established with 
regular miniplates were more durable within the same 
displacements than those with long miniplates. This be
havior could be explained by greater movements on the 
long miniplate due to the area of the longer bar.

As explained above, using 2 miniplates increased the 
rigidity approx. twofold. In this study, the stability was 
increased up to 400% in the 2point bending test and 60% 
in the 3point bending test after the ECAP process. For 
this reason, using the ECAPtreated miniplates ensures 
that higher rigidity can be achieved with fewer plates. 
Thus, for a surgical operation, it is possible to reduce the 
area of incision and shorten the healing time due to fewer 
screw holes in the mandible.

Figure 13 shows the torsion test results for different 
fixa tion models. The fixation systems established with 
the untreated long miniplates experienced 30° rotational 
deformations under the 0.22 N.m torque, while the fixa
tion systems established with the ECAPtreated long 

miniplates exhibited 3° deformations under the same 
torque value. In addition, the fixation systems with the 
ECAPtreated long miniplates endured to ~0.545  N.m. 
When the fixation systems established with regular mini
plates were examined, the untreated regular miniplates 
showed ~30° contortion at ~0.435 N.m. This value was 
~6° for the ECAPtreated regular miniplates. Moreover, 
the fixation systems established with the ECAPtreated 
regular miniplates endured to 0.8 N.m (Fig.  14). These 
results indicate that the miniplates produced from the 
ECAPtreated material are more durable in the torsion 
test than the untreated miniplates, and thus more rigid.

Discussion
The micrographs of the samples showed that 4 passes 

of  the ECAP treatment led to a  significant refinement 
in the microstructure of CP Ti grade 2 and transformed 
the untreated structure to the UFG structure. The grain 
size is influenced by the process temperature, deforma
tion rate and die channel angle after the ECAP process. In 
the literature, it has been determined that the grain size 
after the ECAP treatment is in the range of 100–250 nm. 
Meredith and Khan obtained similar results after a 4pass 
ECAP process on the Ti material.29

In the process of SPD, grain refinement begins with the 
transmutation of wideangled grain boundaries into sub
grains through the sliding mechanism. In addition, due 
to SPD, grains are broken to smaller ones. As seen in the 
TEM picture, no elongation occurred in the grains. Also, 
in CP Ti after 4 passes, the ECAPtreated grains are more 
homogeneously distributed as compared to the internal 
structure of the untreated grains. The reason of the ho
mogeneous dispersion of the grains is that a 4pass ECAP 
process is a complete turn of the deformation cycle.

The reasons for the improvement of  the mechanical 
properties are excessive grain refining and increasing 
dislocations. Titanium, which has wideangled ultrafine 
grains, blocks dislocation movements, and this increases 
strength. After stress reaches the maximum level, the 
untreated pure Ti exhibits a large strain neck area. Also, 
the heterogeneous deformation area is larger than the Fig. 13. Torque–rotation curves for the 4 fixation models

Fig. 12. Loads corresponding to a 6-millimeter displacement during the 
2-point and 3-point bending tests

Fig. 14. Miniplates after the torsion tests

A – untreated-regular; B – ECAP-treated-regular; C – untreated-long;  
D – ECAP-treated-long.
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homogeneous area. After the ECAP treatment, while the 
yield and tensile strength of pure Ti increase, the homoge
neous deformation area is reduced, but the heterogeneous 
deformation area is still in the range of  processibility. 
Hence, the deformability of the material is helpful for the 
surgeon during an operation.30

Coaxial grooves and traces of plastic deformations are 
highly visible at the fracture sections. The examination 
of the grain size after the ECAP process showed that the 
coaxial cavity dimensions in the fracture images of these 
samples were smaller than in the untreated Ti.

Experimental studies with the 2point bending tests 
have been carried out to achieve lesser displacement 
of  the fracture region under load for different miniplate 
geometries and mounting positions.5,13 The fixations 
established with a  double miniplate at the 5  mm dis
placement showed 140% higher load than the fixations 
established with a single miniplate.13 According to the re
sults of  this study, the fixation with the miniplate made 
from the ECAPtreated material at a displacement value 
of 5 mm endured 300% more than the fixation with the 
untreated miniplate.13

The studies which used the 3point bending tests were 
conducted to obtain a  more rigid fixation by changing 
the miniplate geometry, position and number. Ribeiro
Junior  et  al. used sagittal miniplates with different geo
metries and found that a sagittallocked miniplate exhibited 
a more stable fixation than 4hole and 6hole locked and 
unlocked normal miniplates.31 In another study, Ribeiro
Junior  et  al. used locked and unlocked miniplates with 
4 and 8 holes for fixations in the angular region.32 The 
3point bending tests were applied to the fixation sys
tems. As a result of the study, they found that the locked 
fixation system with 8 holes was more rigid than the others.32 
Nieblerová et al. used miniplates having the same geo
metry in single and double miniplate applications at 
2 different positions; then, the 3point bending tests were 
performed on the samples.33 The authors reported that 
they achieved a more stable fixation when using a double 
miniplate. When these results were examined, it was seen 
that there was 55% less displacement in the fixation es
tablished using a doublebar miniplate under the 100 N 
load.33 In our study, the fixation with the ECAPtreated 
miniplate was found to be 40% more rigid than the fixa
tion which used the untreated miniplate.

The number of studies on the examination of the tor
sional force on the mandible is limited. However, when 
considering the geometry of the mandibular bone and the 
muscle forces acting on it, the torsional load has a signifi
cant role in curing mandibular fractures. When a load is 
applied on the opposite side of a fractured mandible, the 
torsional moment will occur. Feller et al. established dif
ferent fixation systems, using microplates and miniplates, 
and then performed the torsion tests.28 As a result of the 
study, they found that using a miniplate and a microplate 
in the same fixation made it more rigid as compared to 

singleminiplate or singlemicroplate fixations.28 In ad
dition, due to the torsional moments which occur in the 
miniscrew because of  torsion, screw loosening affects 
the patient’s healing time. According to Champy, due to 
the moments which occur in the anterior region of  the 
mandible, fixations should endure up to 1,000 N.m.acc.28 
When the results of  Feller et al. were examined, it was 
seen that the fixation established with a double miniplate 
was 4.25 times less displaced at 700 N.mm than the fixa
tion established with a single miniplate.28 In our study, it 
was observed that the fixations established with the mini
plate produced from the ECAPprocessed material were 
displaced 4.8 times less as compared to the fixations es
tablished with the untreated miniplate.

Conclusions
This study showed that fixation systems become more 

rigid when ECAPtreated miniplates are used, and this 
ensures lesser displacement of the fixation system. These 
results rely on the ECAP process, which causes the grain 
size to decrease and strength to increase. Due to these 
benefits, ECAPtreated miniplates exhibit more rigid be
havior than their untreated equivalents. Along with this, 
ECAPtreated miniplates proved to be a suitable substitu
tion for multiple miniplate fixations. 
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