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Purpose. Determination of the optimal chemical composition of a bioresorbable Mg-Nd-Zr magnesium alloy 
capable of providing a favourable balance of strength and ductility for osteosynthesis applications. 

Research methods. The study employed a Box-Behnken experimental design. Specimens were prepared by induction 
melting followed by heat treatment. Tensile properties were measured in accordance with ISO 6892-1, and the results 
were processed statistically using the STATISTICA software package. 

Results. Neodymium was identified as the main contributor to the tensile strength of the Mg-Nd-Zr alloy, with an 
optimal content of about 3.6 %. Zirconium improved ductility, most likely through the formation of a fine-grained 
structure, with an optimal content of about 1.8 %. A negative interaction between neodymium and zirconium was observed 
when content of both elements were increased simultaneously, and this effect should be considered when optimising the 
alloy composition. Within the zinc range studied (up to 0.8 %), zinc had no statistically significant effect on the mechanical 
properties. The resulting regression model predicts the mechanical properties of the alloy from the alloying-element 
content with good accuracy. Overall, the findings provide a basis for optimising the composition of bioresorbable 
magnesium alloys to achieve a favourable balance of strength and ductility for osteosynthesis. 

Scientific novelty. The combined effect of Nd, Zr and Zn on the mechanical properties of a bioresorbable Mg-Nd-
Zr alloy for osteosynthesis was established. Neodymium was identified as the principal strength-controlling element, 
whereas zirconium contributes to improved ductility and can also enhance strength. A negative Nd-Zr interaction at 
elevated concentrations was also revealed, with a substantial effect on the mechanical characteristics of the alloy. 

Practical value. The regression model makes it possible to predict the mechanical properties of the alloy from the 
alloying-element content, thereby simplifying the selection of compositions for specific medical applications. 

Key words: bioresorbable magnesium alloy, osteosynthesis, mechanical properties, chemical 
composition, neodymium, zirconium, Box-Behnken design, regression model, composition optimization, implants. 

Introduction 
The full-scale war in Ukraine has sharply increased 

the demand for implants and osteosynthesis devices. 
Preliminary estimates suggest an increase of more than 
800 %. This growth is associated with the sharp rise in 
traumatic injuries involving severe bone damage among 
both service personnel and civilians. According to the 
Ministry of Defence of Ukraine, about 40 % of wounded 
personnel sustain injuries to the extremities, many of which 
require complex surgery for bone reconstruction. 

In the treatment of service personnel with traumatic 
bone injuries, temporary fixation of fractured bone fragments 
is often required. Standard clinical practice involves 
temporary fixation devices made of titanium alloys or special 
steels. The main drawback of this approach is the need for a 
second operation to remove the hardware. 

A possible alternative is the use of materials that are 
gradually resorbed by the body, progressively lose their 
load-bearing capacity, and eventually dissolve completely. 
Magnesium-based alloys are among the most promising 
candidates. In particular, an alloy based on the ML10 grade 
has been developed for use in traumatology, orthopaedics 
and cardiac surgery, where it functions as a bioresorbable 
material that slowly dissolves in the surrounding tissue 
after fulfilling its medical role. 

The main challenges associated with this concept are 
relatively low mechanical properties of magnesium alloys 
and need to control their dissolution rate in the body. 
Research aimed at improving these characteristics 
therefore remains highly relevant. 
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Literature review 
Because of their biocompatibility and their ability to 

dissolve gradually in the body, magnesium alloys are 
widely regarded as promising candidates for temporary 
osteosynthesis implants [1]. Their comparatively low 
strength and ductility, however, remain an important 
limitation. These factors substantially restrict their use in 
load-bearing components of endoprosthetic systems. 

Nevertheless, magnesium, whether used as a pure metal 
or in alloyed form, is receiving increasing attention in 
healthcare and biomedical research [2]. Over recent years, the 
number of publications devoted to magnesium as a temporary 
implant material has grown steadily owing to its bioresorbable 
nature. Magnesium degrades readily and does not leave long-
term residues in the body [3, 4]. As a bioresorbable material, 
it gradually breaks down in the biological environment and 
can support tissue regeneration and the recovery of 
physiological function. In many medical applications, 
implants are required only temporarily to support healing. If 
conventional implants are not removed in time, adverse 
reactions may occur, including chronic irritation, 
inflammatory response and, in some cases, biotoxicity. 

A considerable literature resources are available on 
the properties of magnesium alloys and the factors that 
influence them. Most studies, however, focus on Mg-Ca or 
Mg-Zn-Ca alloys, whereas Mg-Re systems, including 
neodymium-alloyed Mg-Nd-Zr [5, 6], have received less 
attention, particularly with the influence of chemical 
composition on mechanical properties. 

Studies [7, 8] discuss the chemical composition, 
properties and applications of bioresorbable magnesium alloys 
and emphasise that a sound understanding of composition is 
essential for improving biocompatibility and bioresorbability. 
These studies analyse both chemical composition and corrosion 
behaviour, with particular attention to how individual alloying 
elements affect composition and corrosion resistance. In these 
and in similar studies [9, 10], however, the emphasis is placed 
on corrosion behaviour and biocompatibility rather than on 
mechanical properties. The authors of [11] review 
bioresorbable magnesium alloys as candidate materials for 
osteosynthesis and show that Ca, Zn, Mn, Sr and Zr are widely 
used as alloying additions to magnesium because of their non-
toxicity. Elements such as Al, Ni, Ag, Cu and the rare earths 
(Nd, La, Ce) may also be used to improve the corrosion 
resistance and mechanical properties of magnesium alloys [12]. 
Lu et al. [13] examines alloying strategies for magnesium 
alloys intended for orthopaedic use. Zirconium is an efficient 
grain refiner and improves both strength and ductility. Zinc 
strengthens the alloy but can reduce ductility at high 
concentrations. Neodymium provides a pronounced increase in 
strength together with a favourable balance of strength and 
ductility. Calcium and strontium promote bioactivity and 
osteointegration. Compositions such as Mg-Nd-Zn-Zr show 
promising performance by combining high strength, adequate 
ductility and a controlled corrosion rate. Chen et al. [14] 
summarises the effects of critical alloying elements on the 
structure, mechanical properties and bioresorbable behaviour 

of magnesium alloys, with a focus on the Mg-Ca, Mg-Zn, 
Mg-Sr, Mg-Re and Mg-Cu systems. Zinc strengthens the 
alloy through solid-solution and precipitation hardening, 
calcium improves biocompatibility, strontium promotes 
osteogenesis, and rare-earth elements enhance corrosion 
resistance. Importantly, the content of alloying elements 
must be carefully controlled in order to maintain a workable 
balance between mechanical properties, biodegradation rate 
and biocompatibility. 

Taken together, the available literature shows that, 
despite substantial research on magnesium alloys for medical 
applications, the selection of an optimal Mg-Nd-Zr 
composition with specific regard to mechanical properties 
remains insufficiently studied. Given the strong and 
complex influence of alloying elements on both strength 
and ductility, identifying their optimal content remains an 
important task in the development of bioresorbable 
materials for osteosynthesis. 

Objective 
This study is aimed to determine the optimal chemical 

composition of a bioresorbable Mg-Nd-Zr magnesium 
alloy that would provide a favourable balance of strength 
and ductility for osteosynthesis applications. To achieve 
this aim, an experimental design was developed, ingots of 
different chemical compositions were produced, the 
specimens were tested in tension, and the resulting data 
were analysed statistically. 

The study examined how the mechanical properties 
of an Mg-Nd-Zr alloy – which contains no toxic alloying 
elements and is therefore a potential candidate for implant 
applications – depend on the concentration of its alloying 
elements. The property variables were ultimate tensile 
strength and elongation to failure under uniaxial tension. 

Materials and methods 
Ingots of the magnesium alloy were produced by 

melting in an IPM-500 induction furnace with a capacity 
of 0.5 t, a power rating of 140 kW and a throughput of          
230 kg/h. A gas-fired holding furnace with a capacity of 
150 kg was also used. Pre-heated charge materials were 
loaded into the induction furnace; after melting, the liquid 
alloy was transferred into removable crucibles at 650–
730 °C. The crucibles were then placed in holding 
furnaces, where the alloy composition was refined with a 
flux consisting of 38–46 % MgCl₂, 32–40 % KCl, 5–8 % 
BaCl₂ and 3–5 % CaF₂ at 740–760 °C. 

The cast blanks were heat-treated in a pit-type electric 
resistance furnace (112 kW, 95 kg/h capacity) and in a 
PAP-4M furnace (50 kg/h capacity). The heat-treatment 
regime consisted of solution treatment at 540 ± 5 °C for 
15 h followed by air cooling, and ageing at 200 ± 5 °C for 
8 h followed by final air cooling. 

Tensile testing was performed on a modernised R10 
testing machine (Fig. 1) in accordance with ISO 6892-1, using 
cylindrical specimens with a gauge-section diameter of 4 mm. 

The extensometer gauge length was 25 mm. During 
testing, elongation of the gauge section was measured with 
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an accuracy of ±1 µm. Stress in the gauge section was 
applied by loading the movable crosshead with a force 
measured by a dynamometer. The measurement accuracy 
for stress in the gauge section was 3 MPa. The 
extensometer and elastic dynamometer signals were 
digitised at 0.01 s intervals. All tests were performed on 
series of identical specimens. Statistical analysis was 
conducted at a significance level of 0.05. 

   
a b c 

Figure 1. Specimens for tensile testing (a); general view (b) and 
working area (c) of the modernised R10 tensile testing machine 

equipped with a dynamometer 
Statistical analysis and mathematical modelling were 

performed in STATISTICA (StatSoft) using the experimental 
data obtained from the designed experiments. The workflow 
combined correlation, analysis of variance and regression 
methods. Correlation analysis was first used to identify 
mutually independent factors for further study. ANOVA and 
Pareto charts were then used to identify the factors with the 
strongest influence on the response variables properties. 
Multiple regression analysis was subsequently used to 
determine the regression coefficients and construct the 
mathematical models. Model adequacy was assessed by 
comparing the adequacy variance with the reproducibility 
variance using Fisher’s F-test. Because the number of 
experimental runs exceeded the number of regression 
coefficients to be estimated, the design was under-saturated. 
The reproducibility variance was determined from triplicate 
experiments at the centre point of the design, and its 
homogeneity was evaluated using Cochran’s criterion. 

The reproducibility variance was calculated from: 
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where N is the number of replicate experiments and n is the 
number of repetitions per experiment. 
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adequacy variance of the model was calculated from: 

( )2
exp

1 12

N n
calc

i j
ad

ad

T T
S

f
= =

−
=
∑∑

,         (2) 

where n is the number of replicate experiments in each 
series, calcT  is the predicted value of the response 

parameter, expT  is the mean experimental value from the 
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Results 
To establish how the principal alloying elements 

influence strength and ductility, the upper concentration limit 
for each element was selected on the basis of its solubility in 
magnesium. The upper limits were thus 1.8 % for zirconium, 
3.6 % for neodymium and 0.8 % for zinc. 

The Box-Behnken design was selected for experimental 
planning. Compared with a full factorial design, it offers several 
advantages. It requires substantially fewer experimental points, 
especially when the number of factors is large, thereby reducing 
both material consumption and experimental cost. Unlike a 
first-order full factorial design, it also allows quadratic effects 
and factor interactions to be estimated, providing a more 
accurate approximation of the response surface within the 
region of interest. Because the design is spherically symmetric, 
the experimental points are distributed uniformly around the 
centre, which ensures uniform prediction variance throughout 
the factor space. This arrangement also makes the design more 
resistant to random disturbances and measurement error than a 
full factorial design. 

The tensile-test results obtained for Mg-Nd-Zr alloy 
specimens of different chemical composition (Table 1) 
were used to construct the Box-Behnken experimental 
matrix with three factors at three levels (Table 2). 

Table 1 – Levels of variation of the chemical 
composition of the experimental specimens 

Level Zr Nd Zn 
-1 0,2 2,0 0,1 
0 1,0 2,8 0,45 

+1 1,8 3,6 0,8 
Owing to the efficiency of the chosen experimental 

design, 15 experimental melts were sufficient for analysis 
of variance (Fig. 2) and for constructing a statistically 
significant second-order regression model with linear two-
factor interaction terms (Tables 3 and 4). 

Table 2 – Box-Behnken experimental design matrix (2³) 
Run No. Х1 (Zr) Х2 (Nd) Х3 

(Zn) σв, MПa δ, % 

1 0,20 2,00 0,45 249,3 3,42 
2 1,80 2,00 0,45 252,2 5,37 
3 0,20 3,60 0,45 290,1 3,32 
4 1,80 3,60 0,45 268,6 4,48 
5 0,20 2,80 0,10 268,9 3,37 
6 1,80 2,80 0,10 259,3 4,92 
7 0,20 2,80 0,80 270,4 3,37 
8 1,80 2,80 0,80 260,8 4,92 
9 1,00 2,00 0,10 249,8 4,39 

10 1,00 3,60 0,10 278,8 3,90 
11 1,00 2,00 0,80 251,8 4,39 
12 1,00 3,60 0,80 280,0 3,90 
13 1,00 2,80 0,45 262,5 4,14 
14 1,00 2,80 0,45 264,9 4,60 
15 1,00 2,80 0,45 266,1 4,00 
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a                                      b 

Figure 2. Pareto charts showing the effect of the alloying elements on the tensile strength (a) and ductility (b) of the alloy 

Table 3 – Parameters of the regression model for the effect of the alloying elements on tensile strength, including 
two-factor interaction terms 

Factor Regression coefficient Standard 
error t(5) p −95 % CI +95 % CI 

Constant 265.000 0.335907 788.9095 0.000000 264.1365 265.8635 

Zr (linear) −9.4500 0.822800 −11.4852 0.000088 −11.5651 −7.3349 

Zr (quadratic) −0.1500 0.605564 −0.2477 0.814215 −1.7067 1.4067 

Nd (linear) 28.6000 0.822800 34.7594 0.000000 26.4849 30.7151 

Nd (quadratic) −0.4000 0.605564 −0.6605 0.538120 −1.9567 1.1567 

Zn (linear) 1.5500 0.822800 1.8838 0.118296 −0.5651 3.6651 

Zn (quadratic) −0.2000 0.605564 −0.3303 0.754585 −1.7567 1.3567 

Zr·Nd −12.2000 1.163615 −10.4846 0.000136 −15.1912 −9.2088 

Zr·Zn 0.0000 1.163615 0.0000 1.000000 −2.9912 2.9912 

Nd·Zn −0.4000 1.163615 −0.3438 0.745014 −3.3912 2.5912 

Notes. Statistically significant values are shown in bold. t(5) is the value of the t-statistic with 5 degrees of freedom, used 
for hypothesis testing and for assessing statistical significance; p is the probability of observing the given effect under the null 
hypothesis that the effect is absent. Lower p-values indicate stronger evidence against the null hypothesis. 

Table 4 – Parameters of the regression model for the effect of the alloying elements on elongation to failure, 
including two-factor interaction terms 

Factor Regression coefficient Standard error t(5) p −95 % CI +95 % CI 

Constant 4.145833 0.057314 72.33581 0.000000 3.998504 4.293163 

Zr (linear) 1.552500 0.140389 11.05853 0.000105 1.191618 1.913382 

Zr (quadratic) 0.049583 0.103324 0.47988 0.651567 −0.216019 0.315186 

Nd (linear) −0.492500 0.140389 −3.50810 0.017135 −0.853382 −0.131618 

Nd (quadratic) 0.049583 0.103324 0.47988 0.651567 −0.216019 0.315186 

Zn (linear) 0.000000 0.140389 0.00000 1.000000 −0.360882 0.360882 

Zn (quadratic) 0.052083 0.103324 0.50408 0.635627 −0.213519 0.317686 

Zr·Nd −0.395000 0.198541 −1.98952 0.103314 −0.905365 0.115365 

Zr·Zn 0.000000 0.198541 0.00000 1.000000 −0.510365 0.510365 

Nd·Zn 0.000000 0.198541 0.00000 1.000000 −0.510365 0.510365 
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Discussion 
Analysis of the contribution of each factor to alloy 

strength (Fig. 2a) shows that neodymium exerts the 
strongest positive effect. By contrast, zirconium and Nd·Zr 
interaction both have a statistically significant negative 
effect on tensile strength. 

The alloying elements affect ductility differently. 
Increasing the zirconium content improves ductility, 
whereas increasing the neodymium content reduces it 
(Fig. 2b). The positive effect of zirconium is more than 
three times larger than the negative effect of neodymium. 
The Zr·Nd interaction leads to an additional reduction in 
ductility. As in the case of tensile strength, zinc does not 
have a statistically significant effect on elongation to 
failure. 

Overall, the results indicate that the strength of        
Mg-Nd-Zr alloys is governed primarily by neodymium 
content and by the nature of its interaction with zirconium. 
Increasing the neodymium content raises tensile strength, 
whereas an excessive simultaneous increase both Nd and 
Zr can reduce it because of the negative two-factor 

interaction. Within the concentration range studied, zinc 
does not have a statistically significant effect. 

According to the regression model, the linear effect 
of zirconium on tensile strength is negative. This effect, 
however, cannot be interpreted in isolation, because 
zirconium also has a strong influence on ductility and 
participates in a two-factor interaction with neodymium. 
The low p-value supports the reliability of this estimate. 
The optimum zirconium content is therefore likely to lie in 
the upper part of the studied range (about 1.8 %). Tensile 
strength also increases with neodymium content, as 
indicated by the statistically significant positive regression 
coefficient and the low p-value. Its optimum is likewise 
expected to lie near the upper part of the studied range 
(about 3.6 %). The regression coefficients for zinc are not 
statistically significant, indicating that no detectable effect 
of this element on strength was observed. 

The near-linear relation between the model-predicted 
and experimentally measured values of strength and 
elongation to failure (Fig. 3) indicates that the estimates are 
reliable and confirms the adequacy of the model.

 

 
а 

 
b 

Figure 3. Model-predicted versus experimentally measured 
values of tensile strength (a) and elongation to failure (b) of the 

alloy 

 
Analysis of the dependence of strength (Fig. 4) and 

ductility (Fig. 5) alloying-element content shows that 
increasing the neodymium content generally increases 

tensile strength while reducing ductility. 
 

 
а 

 
b 

Figure 4. Tensile strength of the alloy as a function of 
neodymium content at 0.45 % Zn (a) and at 1 % Zr (b) 

 
The increase in tensile strength most likely reflects 

two contributions from neodymium: solid-solution 
strengthening and the formation of strengthening 
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intermetallic phases. The solubility of zirconium in 
magnesium is low; nonetheless, zirconium restricts grain 
growth and thus promotes the formation of a fine-grained 
structure. As a result, zirconium can enhance strength and 
ductility simultaneously, which is particularly important 
because improvement of one of these properties is often 
accompanied by deterioration of the other. 

Figure 4a shows that higher neodymium content is 
associated with increased tensile strength. At the same 
time, a simultaneous increase in neodymium and 
zirconium reduces strength, most likely because of 
excessive precipitation of secondary phases. 

In the presence of zinc, zirconium may also influence 
the formation and distribution of secondary phases and thus 
affect the mechanical properties of the alloy. According to 
[15], zirconium has a beneficial effect on magnesium-alloy 
properties when its content remains below about 2 %. 
Although zinc may also contribute to an increase in 
strength, no such effect was observed within the zinc 
concentration range examined in present study. 

 

 
а 

 
b 

Figure 5. Elongation to failure of the alloy as a function of 
neodymium content at 0.45 % Zn (a) and at 1 % Zr (b) 

 
Consistent with the obtained results, Fig. 5a shows 

that ductility increases with increasing zirconium content, 
most likely because grain growth is restrained and a fine-
grained structure forms. Changes in zinc concentration had 
almost no effect on alloy ductility. 

Conclusions 

Neodymium was found to be the key element 
controlling the tensile strength of Mg-Nd-Zr magnesium 
alloys, with the optimal content lying close to the upper 
limit of the studied range (3.6 %). 

Increasing the zirconium content improved alloy 
ductility, most likely through its role in promoting a fine-
grained structure. The optimal zirconium content likewise 
lies close to the upper limit of the range studied (1.8 %). 

A negative interaction between neodymium and 
zirconium was observed at simultaneously elevated 
concentrations of both elements. This effect should be 
taken into account when optimising the alloy composition. 

Within zinc concentration range (up to 0.8 %), zinc 
had no statistically significant effect on the mechanical 
properties of the alloy. Taking into consideration the 
possible positive effect of zinc on the corrosion resistance 
of magnesium alloys, however, its addition may still be 
useful and requires further investigation. At the same time, 
zinc additions may increase Young’s modulus [16]. 

The regression model developed predicts the 
mechanical properties of the alloy from its alloying-
element content with good accuracy. These results provide 
a basis for optimising the chemical composition of the 
bioresorbable magnesium alloy to achieve a favourable 
balance of strength and ductility for osteosynthesis 
applications. 

Further research should focus on how chemical 
composition influences the biodegradation rate and 
biocompatibility of the alloy in order to support its further 
optimisation for medical applications. 
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УДК 669.721.5 

ВПЛИВ ХІМІЧНОГО СКЛАДУ БІОРОЗЧИННОГО  
МАГНІЄВОГО СПЛАВУ СИСТЕМИ Mg-Nd-Zr 

ДЛЯ ОСТЕОСИНТЕЗУ НА МЕХАНІЧНІ ВЛАСТИВОСТІ 

Віктор Грешта канд. техн. наук, професор, ректор Національного університету «Запорізька 
політехніка», м. Запоріжжя, Україна, e-mail: greshtaviktor@gmail.com, ORCID: 
0000-0002-4589-6811 

 
Мета роботи. Визначення раціонального хімічного складу біорозчинного магнієвого сплаву системи  

Mg-Nd-Zr, при якому забезпечується оптимальне поєднання міцності та пластичності, для застосування в 
остеосинтезі. 

Методи дослідження. Застосовано комплекс методів, що включав планування експерименту за методом 
Бокса-Бенкена, виготовлення зразків шляхом виплавки та термічної обробки магнієвих сплавів, механічні 
випробування на розтяг згідно з ISO 6892-1, а також статистичну обробку отриманих даних за допомогою 
програмного забезпечення STATSOFT. 

Отримані результати. Встановлено ключову роль неодиму у підвищенні границі міцності магнієвого 
сплаву системи Mg-Nd-Zr, з оптимальним вмістом близько 3,6 %. Виявлено позитивний вплив цирконію на 
пластичність сплаву, імовірно через формування дрібнозернистої структури, з оптимальним вмістом близько 
1,8 %. Виявлено негативний ефект взаємодії між неодимом та цирконієм при їх одночасному підвищенні 
концентрації, що потребує врахування при оптимізації складу сплаву. Встановлено, що вплив цинку в 
досліджуваному діапазоні концентрацій (до 0,8 %) на механічні властивості сплаву є статистично незначущим. 
На основі отриманих даних розроблено регресійну модель, яка дозволяє з високою точністю прогнозувати 
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механічні властивості сплаву залежно від вмісту легуючих елементів. Ці результати створюють основу для 
оптимізації хімічного складу біорозчинного магнієвого сплаву з метою досягнення оптимального балансу 
міцності та пластичності для застосування в остеосинтезі. 

Наукова новизна. Встановлено комплексний вплив легувальних елементів (Nd, Zr, Zn) на механічні 
властивості біорозчинного магнієвого сплаву системи Mg-Nd-Zr для остеосинтезу. Виявлено, що неодим є 
ключовим елементом, який підвищує границю міцності сплаву, тоді як цирконій сприяє одночасному зростанню 
міцності та пластичності. Виявлено негативний ефект взаємодії між Nd та Zr при їх високих концентраціях, 
що суттєво впливає на механічні характеристики сплаву.  

Практична цінність. Розроблена регресійна модель дозволяє прогнозувати механічні властивості сплаву 
залежно від вмісту легуючих елементів, що значно спрощує процес підбору оптимального складу для конкретних 
медичних застосувань. 

Ключові слова: біорозчинний магнієвий сплав, остеосинтез, механічні властивості, хімічний склад, неодим, 
цирконій, план Бокса-Бенкена, регресійна модель, оптимізація складу, імплантати. 
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MICROSTRUCTURE, MECHANICAL PROPERTIES, AND CONTROLLED 
DEGRADATION OF A BIORESORBABLE MG-3.15ND-1.25ZR-0.6ZN 

ALLOY FOR OSTEOSYNTHESIS IMPLANTS: INDUSTRIAL PROCESSING 
AND BENCHMARKING AGAINST ML10 ALLOY 

Purpose. To evaluate the microstructure, mechanical properties, and degradation behaviour of a bioresorbable 
Mg-3.15Nd-1.25Zr-0.6Zn (wt.%) alloy produced via an industrially compatible route, and to demonstrate its superiority 
over the reference alloy ML10 for osteosynthesis applications with degradation synchronized to bone healing. 

Research methods. Microstructure was examined by optical microscopy (Neophot 32, OLYMPUS IX 70) and 
SEM/EDS (SELMI REM-106I). Grain size was measured by the intercept method (ISO 643:2024). Mechanical proper-
ties were determined on an INSTRON 2801 machine (ASTM B557, ISO 6892-1) in the heat-treated condition and after 
90-day immersion in Gelofusine (pH 7.4), Venofundin (pH 5.5), and physiological saline at 36 ± 1 °C. Corrosion rates 
were obtained by gravimetric mass loss. Heat treatment was performed under argon in Bellevue and PAP-4M furnaces. 
Industrial trials were conducted on malleolar screws of three sizes at JSC “Motor Sich”. 

Results. After casting into a water-cooled copper mould (25–30 °C/s) and two-stage heat treatment (560 °C/8 h + 
200 °C/16 h), the alloy exhibited a grain size of 57 ± 4.7 µm (50% finer than ML10), with clean boundaries containing 
dispersed Zn₂Zr₃ and β″ precipitates instead of continuous (Mg,Zn)₁₂Nd networks. Ultimate tensile strength reached 
309 ± 6.5 MPa, yield strength 252 ± 6.5 MPa, and elongation 7.9 ± 0.65% – improvements of 31%, 33%, and 126% 
over ML10. Corrosion rates (0.45–0.68 mm/year) were 39–42% lower than ML10. After 90 days the alloy retained 58–
76% of initial strength (182–230 MPa), maintaining >180 MPa throughout the critical 12-week healing period, versus 
38–42% for ML10. Industrial trials on three screw sizes confirmed reproducibility. 

Scientific novelty. For the first time, a comprehensive evaluation of the interrelationship between microstructure, 
mechanical properties, and degradation kinetics of the Mg-3.15Nd-1.25Zr-0.6Zn alloy was performed across three 
model biological fluids with systematic benchmarking against ML10 and bone healing requirements. It was established 
that elimination of continuous (Mg,Zn)₁₂Nd grain-boundary networks combined with grain refinement to 57 µm shifts 
the dominant corrosion mode from catastrophic intergranular attack (150–200 µm penetration in ML10) to uniform 
surface corrosion (<50 µm penetration), yielding degradation kinetics temporally synchronized with the physiological 
stages of bone healing. 

Practical value. An industrially scalable route was validated in pilot production of malleolar screws using stand-
ard melting, copper-mould casting, and conventional heat treatment. The alloy provides a sufficient mechanical safety 
margin throughout all critical healing phases (weeks 0–20), surpassing ML10 and meeting preclinical requirements for 
biodegradable orthopaedic fixation. 

Key words: biodegradable magnesium alloy, Mg-Zr-Nd-Zn system, osteosynthesis, microstructure, grain refine-
ment, mechanical properties, biocorrosion, controlled degradation, bone healing, malleolar screw, ML10 alloy. 

 
Introduction 

Biodegradable magnesium alloys represent promis-
ing candidates for orthopaedic trauma implants by virtue 
of three key advantages. First, the elastic modulus of 
magnesium (41–45 GPa) closely approximates that of 
cortical bone (10–30 GPa), thereby minimizing stress 
shielding effects. Second, Mg²⁺ ions actively promote 

osteogenesis. Third, biodegradation obviates the need for 
secondary surgical intervention to remove the implant. 

Despite these advantages, magnesium alloys present 
critical limitations. In chloride-containing physiological 
environments, excessive corrosion rates lead to subcuta-
neous gas cavity formation, localized pH elevation, and 
premature loss of mechanical integrity prior to completion 
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of the 12–16-week bone healing period. The industrial 
alloy ML10 (known internationally as part of the Mg-Nd-
Zr system developed for aerospace applications), despite 
acceptable initial properties (σUTS = 230–240 MPa), re-
tains only 40% of its strength after three months owing to 
a coarse-grained microstructure with heterogeneous sec-
ondary phase distribution. 

A critical gap exists between the degradation kinet-
ics of current magnesium alloys and the biomechanical 
requirements of bone healing. An ideal implant should 
provide maximal support during early-stage healing 
(weeks 0–6), progressively transfer load to regenerating 
bone tissue (weeks 6–16), and maintain load-bearing 
capacity exceeding 180 MPa throughout the critical 12-
week period. 

The Mg-Zr-Nd-Zn quaternary system offers consid-
erable promise: zirconium provides grain refinement, 
neodymium enhances corrosion resistance, and zinc con-
tributes solid solution strengthening. Laboratory investi-
gations have achieved ultimate tensile strengths of 300–
365 MPa; however, industrial scalability and systematic 
validation of biodegradation behaviour remain to be 
demonstrated. 

Analysis of research and publications 
Over the past two decades, bioresorbable magnesi-

um alloys have emerged as leading candidates for use in 
trauma and orthopedic implants. Their growing promi-
nence is primarily attributed to three key advantages over 
conventional inert metallic materials [1–3]: 

1. The elastic modulus of magnesium (41–45 GPa) 
is much closer to that of cortical bone (10–30 GPa), 
which helps mitigate stress shielding and the consequent 
resorption of bone tissue. 

2. Mg²⁺ ions exhibit osteoconductive properties, 
supporting bone growth along the implant surface. 

3. Their controlled biodegradation eliminates the 
need for secondary surgical intervention to remove the 
implant. 

 

In contrast to stainless steel, cobalt-chromium, and 
titanium alloys – whose stiffness exceeds that of bone by 
a factor of 4–10 – magnesium alloys preserve a more 
physiological distribution of mechanical loads within the 
bone-implant system. This feature is particularly critical 
in the talar region of the ankle joint, where stress shield-
ing can delay fracture consolidation, reduce bone mineral 
density, and increase the risk of clinical recurrence. 

However, magnesium-based implants also exhibit 
inherent limitations. In chloride-containing physiological 
environments, anodic dissolution of magnesium leads to 
the formation of Mg(OH)₂ and molecular hydrogen. When 
corrosion proceeds too rapidly, this can result in [4, 5]: 

1. Subcutaneous gas cavities due to hydrogen accu-
mulation. 

2. Local alkalization (elevated pH), which suppress-
es cellular activity. 

3. Premature loss of the implant’s mechanical integ-
rity. 

Pure magnesium degrades at an excessively high 
rate: its load-bearing capacity is typically lost before 
completion of the 12–16‑week bone healing phase [5, 6]. 
Additional challenges include the presence of coarse-
grained microstructures, galvanic microcells between the 
matrix and secondary phases, and a pronounced suscepti-
bility to corrosion fatigue and stress corrosion cracking 
[4]. Fig. 1 illustrates the critical mismatch between the 
degradation kinetics of current magnesium alloys and the 
biomechanical requirements of bone healing. Convention-
al Mg alloys lose their strength too rapidly, falling below 
the critical threshold of 180 MPa as early as week 6. The 
ML10 alloy provides insufficient mechanical support 
during the crucial phase of hard callus formation, main-
taining only 140–160 MPa between weeks 6 and 12. Even 
the benchmark alloy WE43, although characterized by 
relatively controlled degradation, exhibits a low initial 
strength (about 210 MPa) and approaches the critical 
threshold too closely (183 MPa at week 8), offering an 
inadequate safety margin. 

 

 
Figure 1. Critical gap in mechanical support: current biodegradable magnesium alloys versus bone healing requirements
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These observations underscore the need to develop a 
new magnesium alloy with (i) higher initial strength 
(>250 MPa) and (ii) finely tuned degradation kinetics that 
are temporally synchronized with the physiological stages 
of bone tissue regeneration. 

Contemporary development of bioresorbable mag-
nesium alloys is centered on three interrelated strategies 
[3, 5, 7]: 

1. Optimizing alloying elements to simultaneously 
strengthen the matrix and suppress corrosion. 

2. Engineering fine-grained, homogeneous micro-
structures. 

3. Designing heat-treatment protocols that homoge-
nize phase distribution and reduce microgalvanic activity 
without compromising ductility. 

The Mg-Zr-Nd-Zn system is particularly promising. 
Zirconium is the most effective grain refiner in 
aluminium-free magnesium alloys: it reduces dendritic 
cell size, promotes a uniform distribution of secondary 
phases, and improves the isotropy of mechanical proper-
ties. Neodymium significantly enhances corrosion re-
sistance and thermal stability while maintaining cytocom-
patibility. Zinc provides solid-solution strengthening 
without forming extensive galvanic networks, provided its 
concentration remains moderate [3, 6, 7]. Experimental 
studies within this system have already achieved ultimate 
strengths in the range of 300–365 MPa, combined with 
acceptable ductility and significantly reduced corrosion 
rates [1–3]. However, these results have been obtained 
predominantly at the laboratory scale; industrial scalabil-
ity, together with standardized validation of biocompati-
bility and controlled degradation, still require systematic 
verification. 

The industrial reference alloy ML10 exhibits ac-
ceptable mechanical properties, but its microstructure is 
coarse-grained with a non-uniform distribution of large 
secondary phases. In physiological substitute fluids, this 
microstructural heterogeneity leads to a more rapid loss of 
ductility and strength than is desirable for fracture consol-
idation in the ankle region. Consequently, there remains a 
clear need for an alloy that [2, 5, 8]: 

1. Surpasses ML10 in terms of initial mechanical 
performance. 

2. Maintains critical reserves of strength and ductili-
ty throughout the first three months under physiological 
conditions. 

3. Can be reliably produced using standard industrial 
casting lines. 

From a materials science standpoint, microstructural 
homogeneity and fine grain size are key determinants of 
corrosion behaviour. Grain refinement enhances the barri-
er function of grain boundaries, hinders the development 
of galvanic microcells, and promotes the formation of 
dense, protective corrosion films. At the same time, ex-
cessive dispersion of secondary-phase particles and com-
positional inhomogeneity can accelerate localized dissolu-
tion [3, 5]. 

Despite encouraging in vitro findings, several criti-
cal aspects remain insufficiently documented. It is still 
unclear to what extent these optimized microstructures 
can be reliably reproduced under industrial cooling rates 
and conventional heat-treatment schedules, and whether 
the mechanical safety margins can be maintained 
throughout the crucial three-month period in blood-
mimicking media. While some studies report ultimate 
tensile strengths above 300 MPa combined with elonga-
tions of 7–10 %, large-scale industrial implementation in 
actual threaded screw implants remains limited [2, 8]. 

Standardization of model media is essential. Gelofu-
sine, Venofundin, and physiological saline affect degrada-
tion kinetics in distinct ways due to differences in mac-
romolecular and electrolyte composition. Using this spec-
trum of media enables a more realistic assessment of the 
time-dependent loss of mechanical properties compared 
with simpler single-buffer systems [5]. A comprehensive 
assessment – encompassing initial mechanical properties, 
microstructural characterization, corrosion dynamics in 
multiple media, and benchmarking against both cortical 
bone and the reference alloy ML10 – is consistent with 
current standards for preclinical validation [3, 8].  

The literature points to two parallel trajectories. 
The first is scientific and technological: existing 

studies establish the fundamental feasibility of achieving 
controlled degradation while retaining high mechanical 
performance, yet they simultaneously highlight the ab-
sence of standardized comparative methodologies and the 
need for regulatory harmonization [1, 2]. 

The second is clinical and translational: although 
preliminary animal and early clinical data support the 
safety and functional benefits of biodegradable magnesi-
um implants, current evidence is fragmented, dominated 
by small, heterogeneous cohorts, and often limited to 
short follow-up periods. This underscores the need for 
rigorously designed, multicenter studies with unified 
endpoints (e.g., time to consolidation, complication rates, 
long-term remodeling of bone and implant remnants), as 
well as integration of imaging, functional, and patient-
reported outcomes to substantiate routine clinical adop-
tion. 

Purpose 
The aim of this study is to evaluate a bioresorbable 

Mg-Zr-Nd-Zn alloy that is compatible with standard in-
dustrial melting and casting routes, outperforms ML10 in 
terms of initial mechanical properties, and exhibits con-
trolled degradation in blood-substitute media over a three-
month period. 

The present study employs a previously developed 
[8] bioresorbable alloy of composition Mg-1.2…1.3Zr-
3.1…3.2Nd-0.5…0.7Zn (wt.%), designed to achieve a 
synergistic combination of grain refinement (via Zr), 
corrosion stabilization and dispersion strengthening (via 
Nd), and solid-solution strengthening (via Zn). The 
pocessing route was likewise defined on the basis of these 
earlier investigations [9,10]: melting was carried out in a 
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crucible furnace using primary magnesium and master 
alloys, followed by casting into a water-cooled copper 
mould (cooling rate 25–30 °C/s). The cast billets were 
then subjected to a two-step heat treatment consisting of 
homogenization at 560 ± 5 °C for 8 h with subsequent air 
cooling, and artificial ageing at 200 ± 5 °C for 16 h. 

Industrial trials on ankle screws of three size ranges 
were conducted to assess the reproducibility of the alloy’s 
microstructure and properties in real components. Degrada-
tion behaviour was systematically examined in Gelofusine, 
Venofundin, and physiological saline, with the loss of 
strength and ductility quantified after 1, 2, and 3 months of 
immersion. Comparison with ML10 and with the property 
range of cortical bone was used to determine whether the 
alloy retained a sufficient mechanical safety margin to 
ensure stable fixation throughout the critical healing period 
[5, 8]. 

The study demonstrates that an industrially compati-
ble processing route can provide a predictable microstruc-
ture and corrosion-mechanical behaviour that meets con-
temporary preclinical evaluation requirements [1–3]. 
Successful implementation will provide a foundation for 
more advanced preclinical studies of biocompatibility and 
of the systemic effects of degradation products, with a 
view toward eventual clinical application in the fixation 
of ankle fractures. 

Research material and methodology 
Pilot industrial heats of the experimental alloy were 

carried out in Shop No. 1 of JSC “Motor Sich”. Test spec-
imens were manufactured from the new bioresorbable 
alloy in the form of malleolar screws of different configu-
rations: Type 1 (L = 40 mm, D = 5 mm, d = 3 mm), Type 
2 (L = 50 mm, D = 7.5 mm, d = 4.5 mm), and Type 3  
(L = 100 mm, D = 7 mm, d = 5.5 mm) (Fig. 2). 

The experimental bioresorbable magnesium alloy 
was developed within the Mg-Zr-Nd-Zn system to bal-
ance mechanical strength against biodegradation rate. The 
target composition comprised 0.4–1.5 wt.% Zr, 2.2–3.4 
wt.% Nd, and 0.1–0.7 wt.% Zn. The charge materials 
consisted of primary ingot magnesium (grades Mg90, 
Mg95, and Mg96), zinc (grade Ts2), an Mg-Nd master 
alloy (20–35 wt.% Nd, ≤2.5 wt.% impurities, balance 
Mg), and an Mg-Zr master alloy (10–20 wt.% Zr, ≤5 
wt.% impurities, balance Mg). 

Melting was carried out in an IPM-500 crucible fur-
nace (capacity 0.5 t, power 140 kW, throughput 230 
kg/h). Preheated charge materials were melted and tapped 
into removable crucibles at 650–730 °C. The melt was 
then transferred to holding furnaces, where its composi-
tion was adjusted and it was refined with VI-2 flux at 
740–760 °C. The VI-2 flux had the following composi-
tion: 38–46 wt.% MgCl₂, 32–42 wt.% KCl, 5–8 wt.% 
BaCl₂, 3–5 wt.% CaF₂, ≤8 wt.% NaCl + CaCl₂, and ≤1.5 
wt.% MgO. The Zr-, Nd- and Zn-containing master alloys 
were then added, and the melt was held at 730 °C prior to 
casting [11]. 

For industrial validation, the alloys were cast into 

water-cooled copper moulds, achieving a cooling rate of 
25–30 °C/s. The cooling rate was measured using type-K 
(Chromel-Alumel) thermocouples, with an operating 
range from -400 to +1200 °C, positioned in direct contact 
with the melt. 

 

 
Figure 2. Test specimens of varying length. (a) Type 1; (b) 

Type 2; (c) Type 3; (d) general view 

 
Heat treatment was carried out in a protective argon 

atmosphere using either a “Bellevue” pit furnace         
(112 kW, 95 kg/h) or a PAP-4M furnace (50 kg/h). 

The optimized heat-treatment schedule consisted of: 
1. Homogenization: 560 ± 5 °C for 8 h, followed by 

air cooling. 
2. Ageing: 200 ± 5 °C for 16 h, followed by air cool-

ing. 
Optical microscopy. The macro- and microstructure 

were examined using Neophot 32 and Olympus IX 70 
optical microscopes at magnifications of 100×, 200×, 
350×, and 500×. Metallographic specimens were prepared 
after heat treatment and subsequently etched. The etchant 
composition was: 1 % HNO₃, 20 % CH₃COOH, 19 % 
distilled water, and 60 % ethylene glycol. 

Grain size analysis. The average grain size was de-
termined in accordance with ISO 643:2024 using the 
intercept method [12]. At 100× magnification, grain 
boundaries intersected by a test line were counted as fol-
lowing. For each specimen, at least eight representative 
regions were analysed, with a minimum of two non-
parallel measurements per region, each intersecting at 
least ten grains. 

The average grain size D was calculated from: 
𝐷𝐷 = 𝐿𝐿/𝑁𝑁,               (1) 

where L is the total length of the test line converted to the 
image scale (µm), and N is the number of grain boundary 
intersections along this line.  

The standard deviation S was determined as: 
 

𝑆𝑆 = �1
𝑛𝑛
∑ (𝐷𝐷𝑖𝑖 − 𝐷𝐷�)2𝑛𝑛
𝑖𝑖=1   ,          (2) 

where 𝐷𝐷𝑖𝑖  is the grain size measured in the 𝑖𝑖-th test, 𝐷𝐷� is 
the arithmetic mean grain size, and 𝑛𝑛 is the number of 
measurements. 
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Ultimate tensile strength and elongation to fracture 
were determined on an INSTRON 2801 universal testing 
machine in accordance with ASTM B557 [11] and ISO 
6892-1 [13]. Tests were performed both on specimens in 
the heat‑treated condition and after immersion in artificial 
blood substitutes (Gelofusine, Venofundin, and physio-
logical saline) for 1, 2, and 3 months at 36 ± 1.0 °C [14]. 
Temperature stability during immersion was maintained 
using a UT-15 ultra-thermostat. 

Specimen preparation. Prior to immersion, the 
specimens were degreased with ethyl alcohol. After the 
specified exposure time, the samples were removed and 
corrosion products were chemically stripped in chromic 
acid at 18–25 °C for 3 min. The specimens were then 
rinsed with running water followed by distilled water, 
dried, and subjected to mechanical testing. For each test 
condition, three specimens were examined [14]. 

The compositions of the artificial blood substitutes 
are summarized in Table 1. 

 
Table 1 – Composition of artificial blood substitutes 

Solution 
Succinylated 
gelatin 
(g/500 mL) 

NaCl 
(g/500 
mL) 

NaOH 
(g/500 
mL) 

Hydroxyethyl 
starch (g/500 
mL) 

pH 

Gelofusine 20 3,5 0,68 – 7,4 
Venofundin – 4,5 – 30 5,5 
Normal 
saline – 4,5 – – 5,5–

7,0 
Note: Normal saline denotes 0.9% NaCl solution (4.5 g/500 mL). 

 
Specimen quality was assessed by visual inspection 

and radiographic examination. Visual inspection was used 
to identify surface defects, damage, and shrinkage cavi-
ties, whereas radiographic testing was employed to detect 
internal defects, porosity, and flux inclusions. 

Results and their discussion 

The developed Mg-3.15Nd-1.25Zr-0.6Zn alloy ex-
hibited a markedly refined microstructure compared with 
the reference alloy ML10. Quantitative metallographic 
analysis revealed an average grain size of 57 ± 4.7 µm, 
which is approximately 50% smaller than the 115 ± 9.1 
µm measured for ML10 (Fig. 3). 

Such pronounced grain refinement is consistent with 
the Hall-Petch relationship, which predicts an improve-
ment in mechanical properties with decreasing grain size 
[15]. 

Grain refinement resulted from the synergistic effect 
of the elevated Zr content (1.25 wt.%) and the optimized 
heat-treatment parameters. Zirconium acts as a strong 
grain refiner in magnesium alloys, providing heterogene-
ous nucleation sites for α-Mg grains during solidification 
[16]. Differential thermal analysis (DTA) identified the 
melting temperature of the pseudoeutectic at 571.4 °C, 
which guided the choice of a homogenization temperature 
of 560 °C – high enough to ensure complete dissolution 
of the (Mg, Zn)₁₂Nd eutectic phase while avoiding the risk 
of incipient melting. 

 
Figure 3. Microstructure of Mg-3.15Nd-1.25Zr-0.6Zn and 

ML10 alloys. (a) Macrostructure showing uniform grain distri-
bution, ×5; (b) ML10 microstructure with secondary phase 

particles at grain boundaries, ×100; (c) developed alloy with 
refined grains and clean boundaries, ×100 

The most important microstructural feature of the 
developed alloy is the presence of clean grain boundaries 
free from continuous networks of grain-boundary precipi-
tates (Fig. 3a). In contrast, ML10 is characterized by 
extensive decoration of grain boundaries with coarse 
pseudoeutectic (Mg, Zn)₁₂Nd phases (Fig. 3b). These 
boundary phases act as preferential corrosion sites and 
stress concentrators [17]. In the developed alloy, the grain 
boundaries instead contain fine, uniformly distributed 
Zn₂Zr₃ particles together with metastable βʺ secondary-
phase precipitates, which provide effective dispersion 
strengthening without degrading corrosion resistance. 

The developed alloy exhibited superior mechanical 
properties compared with ML10 for all measured parame-
ters (Table 2).  

Its ultimate tensile strength of 309 MPa exceeds the 
threshold typically required for load-bearing orthopaedic 
applications [18]. More importantly, the yield strength of 
252 MPa exceeds the minimum level recommended for 
osteosynthesis screws in clinical use. The simultaneous 
improvement in ductility (7.9% elongation compared with 
3.5% for ML10) is particularly noteworthy, given that 
bioresorbable implants are often prone to embrittlement 
during degradation [17]. 

These improvements can be attributed to three con-
current strengthening mechanisms: 

1. Grain boundary strengthening via the Hall-Petch 
effect. Grain refinement increases the yield strength in 
accordance with the Hall-Petch relationship, as the higher 
grain-boundary area in fine-grained microstructures pro-
vides more effective barriers to dislocation motion [15]. 
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Table 2 – Comparative mechanical properties 
Property Developed 

alloy МL10 Improve-
ment 

Grain size (μm) 57±4,7 115±9,1 −50 % 
Ultimate tensile 
strength (MPa) 309±6,5 235±5,0 +31 % 

Yield strength 
(MPa) 252±6,5 190±5,0 +33 % 

Elongation to 
failure (%) 7,9±0,65 3,5±0,5 +126 % 

Residual UTS 
after 3 months 
(MPa) 

206±24 94±2 +119 % 

Strength retention 
(%) 66±8 40±2 +65 % 

 
2. Solid-solution strengthening. The higher neodym-

ium content (3.15 wt.% vs. 2.5 wt.% in ML10) together 
with the increased zinc content (0.6 wt.% vs. 0.4 wt.%) 
markedly contributes to strengthening via lattice distor-
tion. Neodymium has a relatively high solubility in mag-
nesium and, owing to its larger atomic radius, generates 
significant local lattice strain. 

3. Dispersion strengthening. Complete dissolution of 
the pseudoeutectic during homogenization, followed by 
controlled ageing, produced a higher volume fraction of 
fine Zn₂Zr₃ and βʺ secondary-phase particles compared 
with ML10. These coherent or semi-coherent precipitates 
impede dislocation motion through the Orowan mecha-
nism. 

The elimination of coarse secondary-phase particles 
at grain boundaries also removes preferred crack-
initiation sites, which explains the improved ductility. 
Fractographic analysis revealed predominantly transgran-
ular dimpled fracture in the developed alloy, in contrast to 
the intergranular brittle fracture observed in ML10, cor- 

 
 

roborating the beneficial effect of clean grain boundaries 
on fracture toughness. 

Long-term mechanical integrity during degradation 
represents a critical differentiating factor for bioresorba-
ble orthopaedic implants [19]. The developed alloy re-
tained 58–76 % of its initial strength after three months of 
immersion in simulated biological fluids – an improve-
ment of 45–90 % relative to the 40% retention observed 
for ML10 (Fig. 4). 

Even under the most aggressive test conditions 
(Venofundin, pH 5.5), the developed alloy maintained an 
ultimate tensile strength of 182 ± 18 MPa after 90 days, 
sufficient for load-bearing function throughout the critical 
period of ankle fracture consolidation. 

This superior property retention can be attributed to 
two microstructural factors: 

First, the absence of continuous secondary-phase 
particles at grain boundaries eliminates the most aggres-
sive corrosion pathway. In ML10, galvanic couples form 
between the α-Mg matrix (anode) and (Mg, Zn)₁₂Nd sec-
ondary-phase particles (cathode), creating preferential 
attack channels along grain boundaries [20]. This leads to 
rapid intergranular corrosion and premature mechanical 
failure even at modest overall mass loss. 

Second, the refined grain structure (57 µm versus 
115 µm) paradoxically improves corrosion resistance 
despite the increased grain boundary area. Finer grains 
promote more uniform formation of the protective 
Mg(OH)₂/MgO film and reduce the size of local galvanic 
cells [21]. 

Bioresorbable implants in vivo are exposed to di-
verse chemical environments ranging from neutral pH in 
healthy tissue to acidic conditions at sites of inflammation 
or hematoma [22]. Table 3 summarizes the corrosion 
kinetics and evolution of mechanical properties. 

 

 
Figure 4. Biaxial plot of ultimate tensile strength retention (MPa) versus time (weeks) for both alloys in all three solutions, with 

cumulative mass loss (%)

19



p-ISSN 1607-6885 New materials and technologies in metallurgy and mechanical engineering. 2026/2 
e-ISSN 2786-7358 New materials and technologies in metallurgy and mechanical engineering. 2026/2 

 
 

   

© Mykyta Aikin, Vadym Shalomeev, Yevhen Vyshenko, 2026 

  DOI 10.15588/1607-6885-2026-2-2 

 

Table 3 – Degradation characteristics in model bio-
logical fluids (90-day immersion) 

Solution CRa 
(mm/year) 

Residual UTS 
(MPa) Residual El. (%) 

Developed Mg–3.15Nd–1.25Zr–0.6Zn 
Gelofu-
sine 0,45±0,05 198±12 (64 %) 5,2±0,8 (65 %) 

Normal 
saline 0,52±0,06 230±15 (76 %) 6,8±1,0 (86 %) 

Veno-
fundin 0,68±0,08 182±18 (58 %) 4,0±0,9 (50 %) 

ML10 
Gelofu-
sine 0,78±0,08 98±3 (42 %) 1,2±0,2 (40 %) 

Normal 
saline 0,85±0,09 95±2 (40 %) 1,2±0,2 (40 %) 

Veno-
fundin 1,12±0,12 89±4 (38 %) 1,1±0,2 (37 %) 

Note: aCorrosion rate determined by gravimetric mass loss. 
Values represent mean ± SD (n = 3). Parenthetical percent-

ages indicate retention relative to initial properties (Table 2). 
El. = elongation to failure. 

 
The developed alloy consistently exhibited 39–42% 

lower corrosion rates across all test solutions compared 
with ML10. This improvement is particularly significant 
in acidic Venofundin (0.68 mm/year versus 1.12 mm/year 
for ML10), a 39 % reduction, which simulates the in-
flammatory microenvironment of early postoperative 
healing. 

Degradation rates varied systematically with solu-
tion composition, ranging from slowest in protein-
containing Gelofusine (0.45 mm/year), to intermediate in 
physiological saline (0.52 mm/year), to fastest in acidic 
Venofundin (0.68 mm/year). This trend reflects three 
distinct corrosion-modifying mechanisms. 

In Gelofusine, albumin and other plasma proteins 
adsorb onto the magnesium surface, forming a semi-
protective organic layer that partially impedes electrolyte 
access to the underlying metal [22]. For ML10 in this 
medium, the corrosion rate reached 0.78 mm/year, 73% 
higher than the experimental alloy, indicating that protein-
mediated passivation is less effective on this alloy's sur-
face. 

In physiological saline, the absence of proteins elim-
inates this organic barrier, resulting in moderately accel-
erated degradation (0.52 mm/year for the developed alloy 
versus 0.85 mm/year for ML10). Nevertheless, the neutral 
pH permits rapid formation of a stable Mg(OH)₂ layer, 
which provides partial surface protection. 

In acidic Venofundin (pH 5.5), proton reduction be-
comes the dominant cathodic reaction, accelerating over-
all corrosion to 0.68 mm/year for the developed alloy and 
1.12 mm/year for ML10. Moreover, the acidic environ-
ment continuously dissolves the protective Mg(OH)₂ 
layer, preventing the establishment of a stable barrier. 

The interrelationship between microstructure, degra-
dation mode, and mechanical property retention is well 
established in the magnesium alloy literature [20]. 

Coarse-grained alloys exhibiting extensive second-
ary phase precipitation along grain boundaries, such as 
ML10, are susceptible to severe intergranular corrosion, 
with penetration depths reaching 150–200 μm following 
prolonged exposure, as the grain boundary networks serve 
as preferential corrosion pathways. This attack pattern 
results in catastrophic loss of load-bearing cross-section 
and premature mechanical failure. In contrast, alloys 
possessing fine-grained microstructures with homogene-
ous alloying element distribution exhibit uniform surface 
corrosion with limited penetration depth (<50 μm), there-
by preserving the structural integrity of the bulk material 
[20]. 

This difference in corrosion morphology directly ac-
counts for the observed dissolution kinetics in plasma 
substitute media. Intergranular attack generates internal 
fissures that act as stress concentrators, inducing brittle 
fracture at loads substantially below the nominal strength 
of the residual material, a mechanism consistent with the 
pronounced strength deterioration of ML10 to 38–42% of 
initial values across all model solutions. Conversely, 
uniform surface recession maintains a defect-free cross-
section, enabling the material to sustain loads proportional 
to its remaining cross-sectional area, thus explaining the 
retention of 58–76% of initial strength in the developed 
alloy, depending on environmental aggressivity. 

The ultimate criterion for success in bioresorbable 
orthopaedic implants is controlled degradation synchro-
nized with bone healing kinetics. An ideal bioresorbable 
screw should provide maximal mechanical support during 
the early healing phase (weeks 0–6), then progressively 
transfer load to the regenerating bone as it gains strength 
(weeks 6–16). 

Table 4 quantifies the requirements for each healing 
stage and evaluates both alloys against these benchmarks. 

During Phase 1 (weeks 0–6), only a soft fibrous cal-
lus with minimal mechanical competence is present at the 
fracture site; accordingly, the implant must bear virtually 
100% of applied loads. Both alloys initially satisfy this 
requirement, although ML10 affords a narrower safety 
margin. 

The critical distinction emerges in Phase 2 (weeks 
6–12), when hard callus formation commences but bone 
strength remains below 150 MPa. The developed alloy 
maintains 195–230 MPa throughout this period, sufficient 
for safe load sharing between implant and healing tissue. 
In contrast, ML10 degrades to 140–160 MPa, creating a 
biomechanical mismatch wherein the implant can no 
longer adequately support applied loads [18]. 

By Phase 3 (weeks 12–20), the bone has developed 
sufficient lamellar architecture to assume the majority of 
loading, requiring only >120 MPa residual strength from 
the implant. The developed alloy comfortably maintains 
this threshold (120–180 MPa), whereas ML10 has de-
graded to 85–95 MPa, below the safety limit. 

Phase 4 (weeks 20–32) corresponds to complete 
bone union, at which point the implant should ideally 
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undergo degradation to permit natural bone remodelling. 
The developed alloy achieves controlled degradation 
within this timeframe, whereas ML10 frequently fails 
prematurely. 

 
Table 4 – Healing phase requirements versus alloy 

performance characteristics 

Healing phase Timeframe 
Regene-

rating bone 
strengtha 

Implant 
strength 
threshold 

Healing Phase Requirements 
Inflammation / 
soft callus Weeks 0–6 50–80 МPа >250 МPа 

Hard callus 
formation 

Weeks 6–
12 

120–150 
МPа >180 МPа 

Bone remodel-
ling 

Weeks 12–
20 

180–220 
МPа >120 МPа 

Complete union Weeks 20–
32 >200 МPа <100 MPac 

Alloy Performance Evaluation 

Healing phase Developed alloy 
status ML10 status 

Inflammation / 
soft callus ✓ 260–309 МPа ✓ 240–260 MPab 

Hard callus 
formation ✓ 195–230 МPа ✗ 140–160 МPа 

Bone remodel-
ling ✓ 120–180 МPа ✗ 85–95 МPа 

Complete union ✓ Controlled 
degradation 

✗ Premature 
failure 

Note: aEstimated compressive strength of regenerating fracture 
callus based on published biomechanical studies.  

bMarginal compliance; lower-bound values approach 
threshold. 

cUpper limit; implant should degrade below this threshold 
to permit physiological loading of healed bone. 

✓ = requirement satisfied; ✗ = requirement not met. Pro-
jected implant strengths extrapolated from 90-day immersion 
data (Table 3). 

Conclusions 

1. Microstructural achievement. The developed Mg-
3.15Nd-1.25Zr-0.6Zn alloy achieved 50% grain refine-
ment (57±4.7 μm versus 115±9.1 μm in ML10) and com-
plete elimination of continuous secondary phase networks 
at grain boundaries through synergistic effects of elevated 
Zr content (1.25 wt.%) and optimized two-stage heat treat-
ment (homogenization at 560 °C/8h + ageing at 200 °C/16 
h). The resultant microstructure is characterized by clean 
boundaries with fine, uniformly distributed Zn₂Zr₃ and β'' 
precipitates. 

2. Mechanical performance. Ultimate tensile 
strength of 309±6.5 MPa and elongation of 7.9±0.65% 
represent improvements of 31% and 126%, respectively, 
over ML10, while yield strength of 252±6.5 MPa exceeds 
clinical requirements for load-bearing osteosynthesis 
screws. These enhancements result from three concurrent 
strengthening mechanisms: Hall-Petch grain boundary 

strengthening, solid solution strengthening from Nd and 
Zn, and Orowan dispersion strengthening from coher-
ent/semi-coherent dispersoids. 

3. Controlled degradation synchronized with bone 
healing. The alloy retained 58–76% of initial strength 
after three months (depending on solution) versus 38–
42% for ML10, maintaining >180 MPa throughout the 
critical 12-week hard callus formation period across all 
tested physiological solutions (Gelofusine: 0.45 mm/year; 
physiological saline: 0.52 mm/year; Venofundin: 0.68 
mm/year) – representing a 39–42% reduction in corrosion 
rate compared with ML10 (0.78–1.12 mm/year). This 
degradation timeline aligns with bone healing kinetics: 
adequate support during inflammation/soft callus phases 
(weeks 0–6), critical load-bearing capacity during hard 
callus formation (weeks 6–12), and controlled degrada-
tion during remodelling (weeks 12–20). 

4. Mechanistic understanding. The superior corro-
sion resistance despite finer grain structure (increased 
boundary area) results from two interrelated mechanisms: 
(a) elimination of galvanic corrosion pathways through 
complete dissolution of anodic (Mg, Zn)₁₂Nd grain 
boundary networks, and (b) refined grain size promoting 
uniform protective Mg(OH)₂/MgO film formation while 
reducing local galvanic cell dimensions. The developed 
alloy exhibits uniform surface corrosion (<50 μm penetra-
tion) versus catastrophic intergranular attack in ML10 
(150–200 μm), which accounts for the divergent mechani-
cal property retention despite comparable overall mass loss. 

5. Industrial scalability. The processing route: cruci-
ble melting, casting into a water-cooled copper mould at 
25–30 °C/s, and two-stage heat treatment in standard 
furnaces, demonstrated reproducible microstructure and 
properties in industrial trials on threaded malleolar screws 
of three sizes (Ø3.5, Ø4.0, Ø4.5 mm), confirming compat-
ibility with existing manufacturing infrastructure. 

6. Path to clinical translation. Although this study 
confirms controlled degradation in model biological fluids 
and biomechanical alignment with bone healing phases, 
clinical implementation requires: (a) in vivo animal stud-
ies to evaluate tissue response, hydrogen management, 
and systemic distribution of degradation products; (b) 
fatigue property characterization under cyclic physiologi-
cal loading; (c) evaluation of surface modification strate-
gies (coatings, micro-arc oxidation); and (d) completion 
of biocompatibility protocols in accordance with ISO 
10993 and ASTM F3160. 

7. Broader implications. This work demonstrates 
that rational grain boundary engineering through compo-
sitional optimization (Zr modification + Nd stabilization + 
Zn strengthening) and controlled thermal processing can 
yield industrially viable biodegradable magnesium alloys 
with degradation timelines synchronized to tissue healing. 
The approach is extensible to other temporary load-
bearing applications in orthopaedic and cardiovascular 
devices requiring predictable mechanical support during 
regeneration followed by controlled resorption. 
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МІКРОСТРУКТУРА, МЕХАНІЧНІ ВЛАСТИВОСТІ ТА КОНТРОЛЬО-
ВАНА ДЕГРАДАЦІЯ БІОРОЗЧИННОГО СПЛАВУ 

MG-3,15ND-1,25ZR-0,6ZN ДЛЯ ІМПЛАНТІВ ОСТЕОСИНТЕЗУ: ПРОМИ-
СЛОВА ТЕХНОЛОГІЯ ТА ПОРІВНЯЛЬНА ОЦІНКА ЗІ СПЛАВОМ МЛ10 

Микита Айкін старший викладач кафедри фізичного матеріалознавства, Національний 
університет «Запорізька політехніка», Запоріжжя, Україна, e-mail: 
fitone14@gmail.com, ORCID: 0000-0001-9513-2804 

Вадим Шаломєєв д-р техн. наук, професор, Національний університет «Запорізька політехніка», За-
поріжжя, Україна, e-mail: shalomeev@zntu.edu.ua, ORCID: 0000-0002-6091-837X 

Євген Вишенко студент групи ІФ-213сп, Національний університет «Запорізька політехніка», 
Запоріжжя, Україна 

Мета. Оцінити мікроструктуру, механічні властивості та деградаційну поведінку біорозчинного сплаву 
Mg-3,15Nd-1,25Zr-0,6Zn (мас.%), виготовленого за промислово сумісною технологією, та продемонструвати 
його переваги над сплавом МЛ10 для остеосинтезу з кінетикою деградації, синхронізованою із загоєнням кістки. 

Методи дослідження. Мікроструктуру досліджували методами оптичної мікроскопії (Neophot 32, 
OLYMPUS IX 70) та СЕМ/ЕДС (SELMI РЕМ-106I). Розмір зерна визначали методом перетинів (ISO 643:2024). 
Механічні властивості вимірювали на машині INSTRON 2801 (ASTM B557, ISO 6892-1) у термічно обробленому 
стані та після 90-добової витримки у Гелофузині (pH 7,4), Венофундині (pH 5,5) та фізіологічному розчині при 
36 ± 1 °C. Швидкість корозії визначали гравіметричним методом. Термічну обробку проводили в атмосфері 
аргону у печах Bellevue та ПАП-4М. Промислові випробування виконано на кісточкових гвинтах трьох типо-
розмірів на АТ «Мотор Січ». 

Результати. Після лиття у водоохолоджувану мідну виливницю (25–30 °C/с) та двоступеневої термічної 
обробки (560 °C/8 год + 200 °C/16 год) сплав має розмір зерна 57 ± 4,7 мкм (на 50% менше за МЛ10) з чистими 
межами, що містять дисперсні частинки Zn₂Zr₃ та β″ замість безперервних мереж (Mg,Zn)₁₂Nd. Границя міц-
ності — 309 ± 6,5 МПа, границя текучості – 252 ± 6,5 МПа, подовження – 7,9 ± 0,65%, що на 31%, 33% та 
126% вище за МЛ10. Швидкості корозії (0,45–0,68 мм/рік) на 39–42 % нижчі за МЛ10. Після 90 діб сплав зберіг             
58–76 % початкової міцності (182–230 МПа), підтримуючи >180 МПа протягом критичного 12-тижневого 
періоду, проти 38–42 % для МЛ10. Промислові випробування на трьох типорозмірах гвинтів підтвердили 
відтворюваність. 

Наукова новизна. Вперше систематично оцінено взаємозв'язок мікроструктури, механічних властиво-
стей та кінетики деградації сплаву Mg-3,15Nd-1,25Zr-0,6Zn у трьох біологічних рідинах із порівнянням з МЛ10 
та вимогами загоєння кістки. Встановлено, що усунення міжзеренних мереж (Mg,Zn)₁₂Nd разом із подрібнен-
ням зерна до 57 мкм змінює механізм корозії з міжкристалітного (150–200 мкм) на рівномірний поверхневий             
(<50 мкм), забезпечуючи синхронізацію деградації зі стадіями загоєння. 

Практична цінність. Промислово масштабовану технологію валідовано у дослідному виробництві 
кісточкових гвинтів трьох типорозмірів із використанням стандартної тигельної плавки, лиття у мідну ви-
ливницю та конвенційної термічної обробки. Сплав забезпечує достатній запас міцності протягом усіх кри-
тичних фаз загоєння (тижні 0–20), перевершуючи МЛ10 та відповідаючи доклінічним вимогам до біодеградую-
чих ортопедичних фіксаторів. 

Ключові слова: біодеградуючий магнієвий сплав, система Mg-Zr-Nd-Zn, остеосинтез, мікроструктура, 
механічні властивості, біокорозія, контрольована деградація, загоєння кістки, кісточковий гвинт, сплав МЛ10. 
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STUDY OF THE STRUCTURE AND PROPERTIES OF WORKING BLADES 
OF AIRCRAFT GAS TURBINE ENGINES MADE OF 

HEAT-RESISTANT NICKEL ALLOY ZhS26-VI 

Purpose. To study the macro- and microstructural condition of VK-2500 gas turbine engine rotor blades in their 
original condition and after various processing stages. To evaluate their mechanical properties and long-term strength. 

Research methods. The material quality of first-stage gas turbine engine rotor blades made of Zhs26-VI heat-re-
sistant nickel alloy was studied in their original condition and after hot isostatic pressing (HIP), as well as after HIP and 
standard heat treatment. Luminescence testing of the blades was performed using the LUM1-OV method. Microstructure 
examination was performed using optical microscopy (Neophot-32 microscope) and scanning electron microscopy (JSM 
T-300 microscope). 

Mechanical properties at room temperature were determined in accordance with ISO 6892-84 and ST SEV 471-88, 
and heat resistance parameters were determined in accordance with DSTU ISO 204:2019.  

Results. Metallographic studies revealed that the microstructure of the rotor blades is single-crystalline, with the 
main structural components being: γ′- solid solution with the presence of the intermetallic γ′- phase, the eutectic (γ-γ′) 
phase, carbides, and carbonitrides. A reduction in the size of the structural components is observed in the microstructure 
of the blades after HIP. 

Scientific novelty. New data on the structure and phase composition of the rotor blade material for aircraft gas 
turbine engines have been obtained. Heat treatment under standard conditions after HIP corresponds to almost complete 
recrystallization of the strengthening intermetallic γ′- phase, which consists of dissolution of the γ′- phase in the γ- matrix 
and its re-precipitation as dispersed particles of cubic morphology. 

Practical value. It has been shown that hot isostatic pressing in combination with standard heat treatment provides 
the most favorable combination of strength and ductility properties, as well as long-term durability of blades. 

Key words: superalloys, gas turbine blades, homogenization, hot isostatic pressing, intermetallic γ′ -phase. 
 

Introduction 

The development of aircraft and stationary gas tur-
bine engineering requires improved performance parame-
ters for gas turbine engines (GTEs), specifically turbine in-
let temperatures, increased specific power, and increased 
efficiency and service life [1]. 

The reliability and durability of a GTE primarily de-
pend on the performance parameters of the materials used 
to manufacture the most critical GTE components – the ro-
tor blades and nozzle vanes. Heat-resistant nickel-based al-
loys are the most common materials used to manufacture 
these components. Such materials are typically referred to 
as “superalloys” [2–7]. 

Technological support for the performance character-
istics of GTE components shapes approaches to achieving 
the required material parameters for GTEs [8–10]. For 
modern GTEs, the optimal material for both cooled and un-
cooled rotor blades is high-strength cast nickel alloys, one 
of which is the ZhS26-VI alloy [10, 15]. 

One of the characteristic defects of the cast structure 
of blades with very complex geometry is the presence of 
internal shrinkage defects [13]. Hot isostatic pressing 
(HIP) is often used to eliminate such defects [12, 14]. 

Material and Methodology 
The chemical composition of the experimental alloys 

was determined using a spectral analyzer on an ARL-4460 
quantometer.   
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The material quality of first-stage rotor blades for the 
VK-2500 gas turbine engine, cast from ZhS26-VI heat-re-
sistant nickel alloy using high-speed directional solidifica-
tion (HSDS), was studied: 

Variant “1” – after hot isostatic pressing (HIP); 
Variant “2” – after HIP and heat treatment using the 

standard procedure (homogenization at 1265±10°C for 1 
hour 15 minutes, vacuum). 

The studies were compared to similar blades without 
the HIP procedure – variant “0”. 

The HIP process was conducted under actual produc-
tion conditions at Motor Sich JSC using the following pro-
cedure [10]: 

- Initial pressure in the high-pressure furnace: 51 
MPa; 

- Heating from room temperature to T=1040±10 °C 
at a rate of 90 °C/min; 

- Holding at 1040 °C for 1 hour; 
- Pressure in the high-pressure furnace at 1040 °C: 

120 MPa; 
- Heating to 1250±10 °C at a rate of 5 °C/min; 
- Holding at 1250±10 °C for 1.5 hours; 
- Pressure in the high-pressure furnace at 1250 °C: 

170 MPa; 
- Cooling of castings to 800 °C at a rate of 30 °C/min. 
The chemical composition of the rotor blades re-

ceived for testing (variant “0”, “1”, and “2”) is presented 
in Table 1. 

Luminescence testing of the root axial section and the 
airfoil cross-section was performed using the LUM1-OV 
method. 

Microstructure was examined using optical                
(Neophat-32 microscope) and scanning electron micros-
copy (JSM T-300 microscope) on unetched and etched mi-
crosections cut from rotor blades. 

The state of the strengthening intermetallic γ′- phase 
in the axes and interaxial spaces of the airfoil and airfoil 
dendrites of rotor blades tested in variants “0”, “1” and “2” 
was studied on microsections after electrolytic etching in a 
reagent consisting of 80 ml of H3PO4 and 10g of CrO3, us-
ing a JSM T-300 scanning electron microscope. 

Mechanical properties at room temperature (tensile 
strength, relative elongation and contraction) were deter-
mined in accordance with DSTU ISO 6892-84 and ST SEV 
471-88, and heat resistance indicators in accordance with 
DSTU ISO 204:2019 on a DST-500 test bench at a temper-
ature of 975 °C and a load of 260 MPa until complete de-
struction. 

 

Research Results 
Inspection of the blades received for testing revealed 

that the blade surfaces before HIP (variant “0”) and after 
HIP and heat treatment (variant “2”) had a light gray matte 
color (Fig.1a, b, d, e, f). After HIP (variant “1”), the blade 
surfaces were dark gray (Fig.1c, d). 

A metallographic examination of the blade surfaces 
after hot isostatic pressing (variant “1”) revealed dark-gray 
non-metallic inclusions, characteristic for oxides, penetrat-
ing to a depth of ~10 µm (Fig. 2). 

The blade surfaces before HIP (variant “0”) and after 
HIP + heat treatment at 1265 °C (variant “2”) show virtu-
ally no oxidation. The absence of oxidation on the surfaces 
of parts processed using variant 2 is due to the use of mi-
cropowder blasting on the outer surface during preparation 
of the blades for heat treatment, as well as vacuum cleaning 
of the surface during high-temperature vacuum treatment 
after HIP. 

X- ray spectral microanalysis (XSMA) of rotor blades 
in their original cast condition (before HIP, without heat 
treatment – Fig. 3), and those after HIP (without subse-
quent heat treatment – Fig. 4) showed that the oxygen, alu-
minum, titanium, and carbon content on the surfaces of the 
parts after HIP is approximately three times higher than the 
concentrations of these elements on the surfaces of the 
original blades (before HIP). The increase in the concen-
trations of these elements on the surface of blades that un-
derwent HIP indicates oxidation due to the use of insuffi-
ciently pure argon during the HIP process. 

Furthermore, the simultaneous application of high 
temperatures (1250 °C) and pressures (170 MPa) during 
isostatic pressing leads to intense diffusional mass transfer 
of aluminum and titanium atoms from the center to the sur-
face, forming layers enriched with these elements on the 
alloy surface. This is also consistent with literature data on 
the diffusion of aluminum and titanium in nickel [4]. 

Luminescence testing using the LUM1-OV method in 
the axial section of the root and the cross-section of the air-
foil of the incoming blades revealed that the blades before 
HIP exhibited a glow in the form of multiple small, brightly 
luminous dots (Fig. 5a, b). No phosphor glow was detected 
in similar sections of blades after HIP (Fig. 5c, d, e). 

Metallographic examination revealed that the micro-
structure of the rotor blades submitted for examination is 
single-crystal. The main structural components are a γ-
solid solution with the presence of intermetallic γ′-phase, a 
eutectic phase (γ-γ′), carbides, and carbonitrides 
(Figure 6). 

Table 1 – Chemical composition of the rotor blades tested, made of ZhS26-VI alloy 

Variant 
Contents of elements, % 

С Cr Co W Al Ti Mo Fe Nb Si V 
0 0,15 4,68 8,95 12,00 6,10 0,89 1,04 <0,5 1,48 <0,2 1,04 
1 0,14 4,77 9,03 11,72 6,10 0,90 0,91 <0,5 1,46 <0,2 0,91 
2 0,14 4,76 9,07 11,59 5,94 0,90 0,99 <0,5 1,46 <0,2 0,99 

Norms 
ТУ1-92-177-91 

0,12- 
0,18 

4,3- 
5,6 

8,0- 
10,0 

10,9-
12,5 

5,5- 
6,2 

0,8- 
1,2 

0,8- 
1,4 

≤ 
1,0 

1,4- 
1,8 

≤ 
0,3 

0,8- 
1,2 
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а – from the side of the trough    before HIP – variant “0” b – from the back 

     
          c – from the side of the trough  after HIP – variant “1” d – from the back 

       
   e – from the side of the trough  after HIP + HT – variant “2”  f – from the back 

Figure 1. External appearance of rotor blades before (a, b) and 
after (c, d) hot isostatic pressing (HIP), as well as after HIP and 

subsequent heat treatment at 1265 °C (vacuum) (e, f) 

 
Figure 2. Microstructural condition of the rotor blade surface 

after HIP – variant “1”, ×650 

       
а – ×350                                               b –  ×450 
 

№ points C O Al Ti V Cr Co Ni Nb Fe Mo W 
001 5,09 5,56 13,89 1,71 0,90 4,54 8,05 54,06 0,83  1,15 4,23 
003 5,31 6,92 14,64 1,88  5,75 7,76 48,89  2,19 1,09 5,57 

Figure 3. Results of X- ray microanalysis of the surface of a working blade made of ZhS26-VI(HSDS) alloy before the HIP 
operation: a – blade root; b – blade airfoil 

 

       
а – ×350                                               b –  ×450 

 
№ points C O Al Ti V Cr Co Ni Nb Mo W 

003 4,87 17,00 33,50 16,91 1,69 6,07  9,12 6,35 1,13 3,35 
005 5,37 19,59 31,65 16,78 2,87 3,52 0,86 8,46 6,76 1,60 2,56 

Figure 4. Results of X-ray microanalysis of the surface layer of a working blade made of ZhS26-VI(HSDS) alloy after the HIP oper-
ation: a – blade root; b – blade airfoil 
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   а                                                                 b 

    
   c                                                                 d 

    
   e                                                                f 

Figure 5. External appearance of rotor blades in the axial section of the root section (a, c, e) and in the cross-section of the airfoil 
(b, d, f) under a radiation source: 

a, b – variant “0” – before HIP; c, d – variant “1” – after HIP; e, f – variant “2” – after HIP and heat treatment 

 

           
а × 200                 b × 250                  c × 500 

          
d × 200                 e × 250                 f × 500 

Figure 6. Microstructure of a rotor blade before the HIP operation – variant “0”: a, b, c – airfoil; d, e, f – root 

The microstructure of rotor blades after HIP shows a 
reduction in the size of the structural components com-
pared to the blades before the HIP operation. The size of 
the structural components, as well as the distance between 

the axes of the second-order dendrites in the blade airfoil, 
differs slightly from the microstructure parameters in the 
root section (Table 2). 
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A microstructural study revealed that during hot iso-
static pressing (HIP) at 1250 °C and 170 MPa (variant 1), 
significant dissolution and recrystallization of the eutectic 
phase (γ-γ′) occurred. Coagulated γ′- phase particles were 
observed in the interdendritic spaces. The microstructure 
of the rotor blade material after HIP is satisfactory, corre-
sponding to the approved microstructure scale without 
overheating (Figure 7). 

During a microstructural study using optical and 
scanning electron microscopy on etched microsections cut 
from rotor blades that had undergone the HIP operation 
(variant “1”), crater-shaped zones in the form of concentri-
cally located elongated particles of the strengthening inter-
metallic γ΄-phase, characteristic of a “raft” structure [10] 

(Figure 8), were identified in areas of complete or partial 
“healing” of micropores. Similar areas characterized by the 
formation of a “raft” structure were also found around 
some MC-type carbides (Figure 9). It was found that, as the 
center of these regions approaches, corresponding to the 
direction of the resulting stresses, an increase in the density 
and distortion of intermetallic particles, whose size ranges 
from 0.22 to 0.27 µm, is observed. Consequently, as a re-
sult of plastic deformation initiated by the hot isostatic 
pressing process, the concentration of distortions of struc-
tural components within the local volume of the material, 
in zones adjacent to micropores, carbides, etc., increases 
significantly. 

 
 
Table 2 – Parameters of the structural components of rotor blades made of ZhS26-VI(HSDS) alloy 

Material condition 
Dimensions of structural components, µm 

carbides eutectic type 
(γ-γ/) 

micropores 
globular type MS eutectic type М6С 

original 
(without HIP) 
before heat treatment 

airfoil 2…6 8…15 
(single up to 35) 8…14 6…43 

root 3…15 10…18 
(single up to 40) 8…16 10…60 

after HIP 
without heat treatment 

airfoil 1,5…8 8…14 
(single up to 28) 6…12 - 

root 2…12 8…16 
(single up to 30) 8…15 - 

after HIP  
without heat treatment heat 
treatment 

airfoil 1,5…6 6…14 
(single up to 20) 4…10 - 

root 2…12 8…16 
(single up to 35) 5…14 - 

 

      
а × 200                           b × 500 

 

      
c × 200                           d × 500 

Figure 7. Microstructure of the airfoil (a, b) and root (c, d) of a rotor blade after HIP – variant “1”: a, c – before etching; 
b, d – after etching 
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а                                                                      b 

 

        
c                                                                                d 

 

        
e                                                                        f 

 

         
g                                                                        h          

Figure 8. “Raft” structure in the material of working blades after the HIP operation in the areas of “healing” of micropores: а, b, c, d 
– optical microscopy – × 700;  e, f, g, h – scanning electron microscopy – × 7500 

 

       
                                                    а                                                                           b 

Figure 9. “Raft” structure in rotor blade material after HIP around MC-type carbides, × 700
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In the “healed” zones of micropores, along with small 
intermetallic particles, a cluster of coagulated elongated γ΄-
phase particles measuring 1.1–2.2 μm is also observed. 

The size of individual micropores detected after HIP 
does not exceed ∼ 0.2 μm, which is approximately 100–
300 times smaller than the pores found in the blades before 
HIP. Heat treatment according to the standard mode after 
gas-static treatment (variant “2”) promotes almost com-
plete recrystallization of the strengthening intermetallic γ′- 
phase, which consists of dissolution of the γ′- phase in the 
γ′- matrix and its repeated precipitation in the form of dis-
persed particles of cubic morphology with the presence of 
a small amount of coagulated intermetallic γ′- phase pre-
cipitated in the interdendritic spaces (Figure 10). 

The study of the state of the strengthening intermetal-
lic γ′- phase in the axes and interaxial spaces of the airfoil 
and root dendrites of rotor blades processed according to 
variants “0”, “1”, and “2” revealed that in the original ma-
terial of cast blades (before HIP), the γ′- phase particles 
have a cubic morphology and form blocks consisting of 
four particles. The size of the γ- particles, measured along 
the side of a square equivalent in area, in the dendrite axes 
is mainly 0.38...0.57 μm (Fig. 11a; Table 3). In the interax-
ial spaces of the dendrites, along with γ′- particles measur-
ing ∼ 0.6 μm, there is a significant amount of coagulated 
phase up to 1.5 μm (Figure 11b). 

No significant differences in the morphology and size 
of the intermetallic phase precipitated in the blade's root 
compared to its airfoil are observed. 

In the blade structure after isostatic pressing, a refine-
ment of the intermetallic γ′- phase is observed (Fig. 11c, d). 

The size of the γ′- particles is approximately half that of the 
original alloy (see Table 3). In the blade material after iso-
static pressing, the precipitation of a small amount of γ′- 
phase microparticles measuring 0.07–0.1 μm was detected, 
as well as zonal interdendritic precipitates of coagulated 
intermetallic particles reaching 2.57 μm in size. 

During homogenization at 1265 °C for 1 hour 15 
minutes, carried out after the isostatic pressing operation, 
the particle sizes of the γ′- intermetallic phase in the axes 
and interaxial spaces of the dendrites were equalized (Fig. 
11e, f). It should be noted that the alloy structure retains 
zonal areas with the presence of coagulated γ′- particles 
measuring 1.1...2.86 µm, located between the axes (Fig. 
12). The mechanical and heat-resistant properties were de-
termined on unheat-treated samples (Ø15 mm; L=135 
mm), cast using the directional solidification method, as 
well as after heat treatment according to the standard mode 
(homogenization at a temperature of 1265±10 °C for 1 hour 
15 minutes). The results of mechanical tests and long-term 
strength tests are presented in Table 4. 

Heat treatment according to the standard mode after 
HIP (variant “2”) promotes increased ductility of the alloy, 
while maintaining its strength and heat-resistant properties, 
which is due to an increase in the structural homogeneity 
of the alloy and the relaxation of stresses induced during 
hot isostatic pressing. 

The most favorable combination of strength and duc-
tility characteristics, as well as long-term strength, was 
achieved in samples processed using the second method 
(HIP + standard heat treatment). 

 

       
а × 100              b × 250             c × 500 
 

      
d × 100              e × 250             f × 500 

Figure 10. Microstructure of rotor blades after HIP and heat treatment – variant “2”: a, b, c – airfoil; d, e, f – root 
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                                                    а                                                                           b 

        
                                                    c                                                                           d 

        
                                                    e                                                                           f 

Figure 11. State of the intermetallic γ′- phase in the axes (a, c, e) and interaxial spaces of dendrites (b, d, f) of rotor blades cast from 
the ZhS26-VI (HSDS) alloy, × 10000: 

a, b – before the HIP operation (without heat treatment) – variant “0”; c, d – after the HIP operation (without heat treatment) – 
variant “1”; e, f – after the HIP operation and heat treatment –variant “2” 

 
Table 3 – Sizes of γ/-phase particles in the material of rotor blades made of the ZhS26-VI alloy, manufactured in 

accordance with variants “0”, “1”and “2” 

Measurement area Particle size of the particles γ/-phase, µm 
before HIP after HIP after the HIP + HT 

airfoil  

axes 0,35…0,52 0,20…0,27 
(microparticles – 0.07…0.09 µm) 0,20…0,25 

interaxle 
0,058…0,93 

(coagulated particles – 
up to 1.5 microns) 

0,24…0,50 
(microparticles – 0.08…0.1 µm) 

0,22…0,38 
(coagulated particles – 1.1…2.8 µm) 

root 

axes 0,38…0,57 0,21…0,29 
(microparticles – 0.07…0.09 µm) 0,21…0,25 

interaxle 
0,06…1,0 

(coagulated particles – 
up to 1.5 microns) 

0,24…0,57 
(microparticles – 0.08…0.1 µm) 

0,24…0,38 
(coagulated particles – 1.1…2.86 µm) 

 
Figure 13 shows the fractographic structure of frac-

tures obtained during tensile testing of specimens cast from 
the ZhS26-VI(HSDS) alloy – before the HIP operation, af-
ter HIP, and after HIP and standard heat treatment. It was  

 
established that fracture of the specimens processed ac-
cording to different options during testing occurred along 
the [001] crystallographic plane.
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Table 4 – Mechanical and heat-resistant properties of the ZhS26-VI alloy before and after hot isostatic pressing 

Material condition 
Mechanical properties at   t=20oC Time to failure 

( Тисп.=975 °С, и σ= 260 MPa), 
τr, hours σв, MPa δ, % Ψ, % 

original 
(without HIP) 
without heat treatment 

96,5 
 
 

6,0 
 

- 7020 
 

original 
(without HIP) 
after standard heat treatment 

92,5 
120,7 

 

24,0 
12,8 

 

18,5 
10,7 

 

5430 
5930 

 

after HIP  103,2 
104,3 

6,4 
6,2 

8,99 
9,36 

5730 
5700 

after hot-pressing and standard 
heat treatment 

102,8 
102,9 

8,0 
11,2 

11,2 
11,6 

5600 
6300 

Norms 
Н28ТУ-190 ≥  85,0 ≥  6,0 - ≥  40,0 

 

    
a                  b 

 
c 

Figure 13. Fracture structure of specimens cast from the 
ZhS26-VI (HSDS) alloy: 

a – before the HIP operation (variant “0”); b – after the HIP op-
eration (variant “1”); c – after the HIP operation and heat treat-

ment (variant “2”) 

Conclusions 
1. Hot isostatic pressing (HIP) at 1250°C and 170 

MPa (Variant 1) improves the quality of turbine blade cast-
ings made from ZhS26-VI (HSDS) alloy by stabilizing the 
structure and properties due to a reduction in microporosity 
during pore healing. 

2. Heat treatment using the standard regime (homog-
enization at 1265 °C for 1 hour 15 minutes) after overpres-
sure treatment (Variant 2) improves the structural homoge-
neity of the alloy and relaxes stresses induced during HIP, 
which has a positive effect on the ductility of the alloy 
while maintaining its strength and heat-resistant properties. 

3. Processing according to the 2nd option (HIP + ho-
mogenization at a temperature of 1265 °C for 1 hour 15 
minutes) ensures the most favorable combination of 
strength and plasticity characteristics, as well as long-term 
strength. 
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Мета роботи. Вивчити макро- та мікроструктурний стан робочих лопаток газотурбінного двигуна ВК-

2500 у вихідному стані та після різної технологічної обробки. Оцінити рівень механічних характеристик і три-
валої міцності. 

Методи дослідження. Досліджували якість матеріалу робочих лопаток 1-го ступеня ГТД із жароміцного 
нікелевого сплаву ЖС26-ВІ у вихідному стані та після гарячого ізостатичного пресування (ГІП), а також після 
ГІП і стандартної термічної обробки. Люмінесцентний контроль лопаток здійснювали методом ЛЮМ1-ОВ. 
Дослідження мікроструктури проводили методами оптичної (мікроскоп «Neophot-32») та растрової електрон-
ної мікроскопії (мікроскоп «JSM T-300»). Механічні властивості при кімнатній температурі визначали 
відповідно до ISO 6892-84 та СТ РЕВ 471-88, а показники жароміцності – відповідно до ДСТУ ISO 204:2019. 

Отримані результати. Металографічними дослідженнями встановлено, що мікроструктура робочих ло-
паток є монокристалічною з основними структурними складовими: γ′- твердий розчин із наявністю інтерме-
талідної γ′- фази, евтектичної (γ-γ′) фази, карбідів і карбонітридів. У мікроструктурі лопаток після ГІП спо-
стерігається зменшення розмірів структурних складових. 

Наукова новизна. Отримано нові дані про структуру та фазовий склад матеріалу робочих лопаток 
авіаційного ГТД. Термічна обробка за стандартним режимом після ГІП забезпечує практично повну перекри-
сталізацію зміцнювальної інтерметалідної γ′- фази, що полягає у розчиненні γ′- фази в γ- матриці з повторним її 
виділенням у вигляді дисперсних частинок кубічної морфології. 

Практична цінність. Показано, що гаряче ізостатичне пресування у комбінації зі стандартною терміч-
ною обробкою забезпечує отримання найбільш сприятливого поєднання міцнісних і пластичних характеристик, 
а також тривалої міцності лопаток. 

Ключові слова: суперсплави, лопатки газової турбіни, гомогенізація, гаряче ізостатичне пресування, ін-
терметалідна γ′- фаза. 
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PREDICTION OF MECHANICAL PROPERTIES OF 40KHMFA STEEL 
BASED ON MULTIFRACTAL ANALYSIS OF MICROSTRUCTURE 

Purpose. The purpose of the study is to develop and scientifically substantiate a method for quantitative 
assessment and prediction of mechanical properties (tensile strength, yield strength, relative elongation) and resistance 
to hydrogen sulfide corrosion-mechanical destruction of 40KHMFA steel based on multifractal analysis of the 
parameters of its bainite-martensitic microstructure after various heat treatment regimes. 

Research methods. The research was carried out on 40KHMFA steel (0.42% C; 0.87% Cr; 0.25% Mo; 0.14% V). 
The samples were quenched from 860 °C in oil with subsequent high tempering in the temperature range of 660–740 °C 
(step 20 °C) with holding times of 5, 30, 60 and 90 minutes. Mechanical tests included static tensile testing on standard 
cylindrical samples, determination of impact strength on Charpy samples with a V-shaped notch and hardness 
measurements by the Rockwell and Vickers methods. Microstructural analysis was performed using optical 
metallography after mechanical grinding, polishing, electrolytic polishing and etching in 4 % nital. Multifractal 
analysis of microstructure images was performed by calculating the generalized Renyi dimensions (Dq), the singularity 
spectrum f(α) and the derived parameters: D₀, Δ, K and the spectral width Δf(α) separately for the bainite and 
martensitic components. Resistance to hydrogen sulfide cracking was assessed according to standardized methods in an 
environment saturated with H₂S. 

Results. With increasing temperature and duration of tempering, a regular decrease in strength characteristics (σв 
and σt) and an increase in plasticity (δ₅) is observed. Multifractal parameters sensitively reflect the evolution of the 
microstructure: a decrease in D₀ contributes to improving plasticity, and an increase in the parameters Δ and K – to 
increasing resistance to plastic deformation. Regression models with high coefficients of determination (R² = 0.86–
0.95) have been developed, which allow reliable prediction of mechanical properties exclusively from the multifractal 
characteristics of the microstructure. It is shown that long-term tempering at 700 °C preserves the acicular 
morphology, but is accompanied by coagulation growth of carbide particles. 

Scientific novelty. The scientific novelty of the work lies in the first systematic application of multifractal analysis 
for the quantitative characterization of the bainite-martensitic microstructure of 40KHMFA steel in order to predict its 
mechanical properties and resistance to hydrogen sulfide corrosion-mechanical destruction. For the first time, 
quantitative correlations between the parameters D₀, Δ, K, Δf(α) and the indicators of strength and ductility were 
established, and regression dependencies were developed that allow for non-destructive assessment of material 
properties. The higher informativeness of the multifractal approach compared to traditional methods of quantitative 
metallography in the analysis of substructural changes was proven. 

Practical value. The developed multifractal method and regression models can be used to create digital systems 
for non-destructive quality control and predict the durability of pipelines and structural elements operating in 
aggressive hydrogen sulfide environments of the oil and gas and nuclear power industries. The proposed optimal heat 
treatment regime − of quenching from 860 °C in oil with subsequent tempering at (700 ± 10) °C for 90 minutes − 
provides a rational balance of strength, ductility and corrosion resistance of 40KHMFA steel. This makes it possible to 
reduce the volume of destructive mechanical tests in the production of dual-purpose pipes. 

Key words: multifractal analysis, 40KHMFA steel, bainite-martensitic structure, heat treatment, mechanical 
properties, hydrogen sulfide corrosion-mechanical destruction, regression modeling, forecasting, non-destructive 
testing, pipeline steels. 

 

Introduction 

Resistance to hydrogen sulfide corrosion cracking 
(HSCC) is one of the main problems for pipeline steels 

operated in aggressive environments of the oil and gas 
industry. HSCC occurs due to the combined action of 
corrosion, mechanical stresses and diffusion of atomic 
hydrogen into the metal, which leads to the formation of 
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cracks and premature failure of structures. Low-alloy 
steels of the 40KHMFA type (analogs of Cr-Mo-V 
steels) are particularly sensitive to this type of failure due 
to the peculiarities of the phase composition, the 
presence of non-metallic inclusions and microstructural 
inhomogeneities. 

Heat treatment significantly affects the balance of 
strength and ductility of such steel, as well as its 
corrosion resistance. Therefore, it is urgent to find 
effective methods for quantitative assessment of the 
microstructure, which would allow predicting operational 
properties without conducting destructive mechanical tests. 

Analysis of research and publications 

The mechanical and corrosion properties of alloyed 
steels depend on the microstructure, distribution of 
alloying elements and non-metallic inclusions. Sulfides 
and oxides often become the sites of crack initiation in 
environments containing H₂S. 

NACE TM0177 and TM0284 are used to assess 
resistance to SCR and hydrogen cracking. Studies show 
that tempering in the range of 700–715 °C provides the 
best compromise between strength and embrittlement 
resistance for Cr-Mo steels. 

Recently, fractal and multifractal methods have 
been actively used for quantitative characterization of 
complex structures, corrosion defects and failure 
mechanisms. Multifractal analysis, unlike classical 
fractal, allows for a more detailed assessment of the 
heterogeneity, order and regularity of the microstructure 
through the spectrum of generalized Renyi dimensions 
(Dq) and the spectrum of singularities f(α). 

Despite the significant number of works on fractal 
analysis of corrosion and inclusions, there is a lack of 
systematic research on the application of the multifractal 
approach specifically to 40KHMFA steel for predicting 
resistance to SCR. This necessitates the development of 
an appropriate methodology. The performance 
characteristics and durability of alloyed steels are largely 
determined by the features of their microstructural 
structure, phase composition, the nature of the 
distribution of alloying components, as well as the 
presence and morphology of non-metallic inclusions [1–
5]. Inclusions of non-metallic nature, in particular sulfide 
and oxide particles, play the role of local stress 
concentrations and can act as centers of crack initiation 
in environments containing hydrogen sulfide. This, in 
turn, intensifies localized corrosion processes and 
contributes to the accumulation of diffuse hydrogen in 
the metal [1, 2]. It has been established that hydrogen 
sulfide corrosion cracking is activated in aggressive 
acidic environments (pH < 4) under conditions of 
increased partial pressure of H₂S (over 0.0034 bar), when 
atomic hydrogen penetrates the crystal lattice of steel and 
causes its brittle fracture [7, 8]. 

To quantify the resistance of materials to this type 
of fracture, standardized test methods are widely used, in 

particular NACE TM0177 (uniaxial tensile method) and 
NACE TM0284 (determination of susceptibility to 
hydrogen-induced cracking, HIC). These approaches are 
focused on determining both mechanical characteristics 
and corrosion resistance of the material [2, 7, 8]. In 
particular, for low-alloy steels, it has been shown that an 
increase in the nickel content above 1 wt.% can lead to a 
decrease in the SCR resistance due to the formation of 
unstable phase components [1, 9]. At the same time, for 
Cr-Mo steels, a significant effect of the tempering 
temperature on the formation of the martensitic-bainite 
structure and the corresponding susceptibility to fracture 
has been established: the optimal range of 700–715 °C 
provides a favorable combination of strength and 
ductility with a reduction in the risk of embrittlement 
[10]. 

In modern research, digital approaches to materials 
analysis are becoming increasingly widespread, 
including mathematical modeling, the concept of digital 
twins, and machine learning methods. Such tools allow 
predicting the behavior of materials under operating 
conditions with increased accuracy [6, 9]. Among them, 
fractal and multifractal methods occupy a special place, 
which are used to quantitatively describe the complexity 
of the microstructure, the geometry of corrosion damage, 
and the mechanisms of fracture [11–13]. 

The fractal approach, in particular the use of fractal 
dimension D, is effectively used to analyze 
heterogeneous corrosion processes in pipeline steels. For 
example, for steel grade X80, it was found that the 
parameters of the fractal geometry of corrosion defects 
allow estimating the fracture pressure and predicting the 
development of cracks [14–18]. Similarly, when studying 
the corrosion behavior of 316L stainless steel, a clear 
relationship was found between the value of the fractal 
dimension and its resistance to hypochlorite 
environments [19]. 

The use of fractal analysis to assess the influence of 
non-metallic inclusions on the properties of structural 
steels, in particular of the S355J2 type, has shown a close 
correlation between the fractal characteristics of the 
structure and the indicators of strength and impact 
toughness [2]. Similar results have been obtained in the 
study of surface-modified materials: fractal modeling 
after ion-plasma chromium plating or TiN-type coatings 
indicates an increase in wear resistance, which is due to 
changes in the morphology of the surface layer [20, 21]. 

Multifractal analysis is a further development of the 
fractal approach and allows the study of complex 
heterogeneous systems by determining the spectrum of 
singularities f(α) and generalized dimensions Dq. This 
provides a deeper characterization of the structure, 
including the degree of its homogeneity, order, and 
statistical regularity [6, 13]. In the field of pipeline 
transport, such methods have already demonstrated their 
effectiveness in analyzing the failure processes of composite 
pipes and predicting their mechanical behavior [6]. 
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However, despite a significant number of studies, 
the issue of using multifractal analysis to assess the 
resistance to hydrogen sulfide corrosion cracking of 
40KHMFA steels remains insufficiently addressed. This 
is especially important given the specificity of their 
bainite-martensitic microstructure and the role of non-
metallic inclusions in the fracture processes [20–22]. 
Traditional analysis methods often do not take into 
account the complex multifractal nature of corrosion 
damage, which can lead to underestimation of the risk of 
crack initiation [22–24]. 

In this context, the application of a multifractal 
approach to predicting the mechanical properties and 
resistance of 40KHMFA steel to hydrogen sulfide based 
on the analysis of its microstructure opens up new 
prospects for optimizing heat treatment regimes and 
improving the efficiency of quality control systems in 
industry. 

Purpose of work 

The aim of the work is to develop a method for 
predicting the mechanical properties and resistance to 
hydrogen sulfide corrosion-mechanical destruction of 
40KHMFA steel based on the multifractal characteristics 
of its bainite-martensitic microstructure. 

To achieve the goal, the following tasks were 
solved: 

- conduct heat treatment of 40KHMFA steel 
(quenching from 860°C in oil and high tempering in the 
range of 660–740°C with different holding times) and 
perform microstructural analysis; 

- apply multifractal analysis to bainite and 
martensitic components and establish correlations 
between the parameters D₀, Δ, K, Δf(α) and mechanical 
characteristics (σв , σt , δ₅ ); 

- develop regression models for predicting 
properties exclusively based on multifractal indicators 
and assess their accuracy. 

Research material and methodology 

The object of the study was 40KHMFA steel with 
the following chemical composition (wt. %): C – 0.42; 
Mn – 0.59; Si – 0.26; Cr – 0.87; Ni – 0.30; Mo – 0.25; 
V – 0.14. 

The samples were quenched from 860 °C in oil, 
after which they were tempered at temperatures of 660, 
680, 700, 720 and 740 °C with holding times of 5, 30, 60 
and 90 min. The temperature was controlled by a 
thermocouple built into the sample. 

Mechanical tests included tensile testing on standard 
cylindrical specimens, determination of impact strength on 
Charpy V-notch specimens, and Rockwell and Vickers 
hardness measurements. 

 
 

The microstructure was studied after mechanical 
grinding, polishing, electrolytic polishing and etching in 
4% nital. The size of the former austenite grain was 
determined by etching in picric acid with the additive 
"Sintol". Resistance to SCR was assessed according to 
standardized methods in an environment saturated with 
hydrogen sulfide. 

Research results 
With increasing temperature and duration of 

tempering, there is a natural decrease in strength (σв and 
σt) and an increase in plasticity (δ₅). At temperatures 
around 700 °C, the effect of holding time on strength is 
less pronounced due to the acceleration of diffusion 
processes (Fig. 1). 

 

 
Figure 1. Structure of 40KHMFA steel after heat treatment : 
a – 630 …660 ° C ; b – 650…670 ° C ; c – 670…690 ° C , 

×1250; d – austenitic structure , ×400 
 

With increasing tempering temperature and holding 
time, there is a systematic decrease in strength 
characteristics and a corresponding increase in ductility. 
At higher tempering temperatures, the effect of holding 
time on the decrease in strength is less pronounced 
compared to lower temperatures. In the as-delivered 
state, the steel had a tempered acicular bainite-
martensitic structure. Long-term tempering leads to 
coarsening of carbide particles, but retains the acicular 
morphology (Fig. 2). 

The results of mechanical tests are shown in Fig. 3 
(the relative elongation after heat treatment was ∼ 
∼ 65–70 % and therefore was not shown in the graphs). 
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Figure 2. Microstructure of 40KHMFA steel in the as-delivered state and after tempering at 700 °C (holding time 

× 500-fold increase): a – as-delivered state; b – 5 min; c – 30 min; d – 60 min; e – 90 min 

 
Figure 3. The relationship between tempering temperature, 

holding time on the mechanical characteristics of 40KHMFA 
steel after quenching 

Multifractal analysis of the microstructure was 
performed using Renyi dimensions : 
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where δ −the size of the side of the square cell (box) 
that covers the studied image of the microstructure (in 
classical notation this parameter corresponds to ε ); pᵢ 
−the probability that a certain part of the object (e.g., 
pixel intensity, area of a particular phase or structural 
element) falls into the i -th grid cell; q −the order of the 
statistical moment (exponent), which can take on any 
real values in the range from –∞ to +∞. 

The spectrum of singularities f(α) was obtained 
through the Legendre transformation: 

 
( )  /d q dqα τ= ,  (2) 

( ) ( )   –  f q qα α τ= .  (3) 
 
Based on the spectrum, the parameters of 

homogeneity, order (Δ), and regularity (K) were 
calculated. 

The results of multifractal characteristics for 
bainite and martensite are given in Table 1 (the batch 
numbering corresponds to the different processing 
regimes).

Table 1 – Multifractal characteristics of the structure of 40KHMFA steel 
Batch number Bainite D₀ Bainite Δ Beinit K Bainite Δf(α) Martensite D₀ Martensite Δ Martensite K Martensite 

Δf(α) 
1 1.81 0.55 1.38 0.05 1.68 0.47 1.35 0.11 
2 1.85 0.57 1.44 0.02 1.73 0.49 1.40 0.34 
3 1.88 0.73 1.51 0.11 1.72 0.52 1.43 0.39 
4 1.91 0.68 1.50 0.17 1.77 0.58 1.45 0.36 
5 1.90 0.82 1.56 0.18 1.80 0.55 1.52 0.59 
6 1.96 0.79 1.60 0.26 1.83 0.59 1.60 0.68 
7 1.97 0.85 1.62 0.29 1.88 0.65 1.70 0.69 
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Regression dependences have been developed: 
σ B = 821.32 – 112.21 D 0 + 111.26 Δ + 216.78 K – 

17.24 Δf(α) (R² = 0.95) −for martensite; 
σ T = 695.75 – 469.87 D 0 – 190.04 Δ + 573.35 K + 

286.82 Δf(α) (R² = 0.86) −for bainite; 
δ 5 = 20.99 + 16.35 D 0 + 28.03 Δ – 23.15 K + 5.28 

Δf(α) (R² = 0.88) −for bainite. 
The analysis shows that bainite has higher D₀, Δ and 

K values compared to martensite, indicating greater 
ordering. With changing processing regimes, the structure 
becomes more multifractal, which correlates well with 
changes in mechanical properties. 

The proposed models allow for reliable prediction of 
properties based on microstructural analysis data, which is 
especially important for non-destructive quality control. 

Conclusions 
1. Multifractal analysis is an effective tool for 

quantitatively assessing the bainite-martensitic 
microstructure of 40KHMFA steel after various heat 
treatment regimes. 

2. The parameters D₀, Δ, K, and Δf(α) sensitively 
reflect changes in the heterogeneity and ordering of the 
structure and allow for the prediction of strength and 
ductility. 

3. The developed regression models with high coefficients 
of determination make it possible to evaluate mechanical 
characteristics without conducting mechanical tests. 

4. The optimum quenching regime for 40KHMFA 
steel intended for dual-purpose pipes is 860°C in oil 
followed by tempering at (700 ± 10)°C for 90 minutes. 
This regime provides the best balance of strength, 
ductility and resistance to hydrogen sulfide cracking. 

5. The multifractal approach surpasses traditional 
metallographic methods in sensitivity to substructural 
changes and opens up prospects for creating digital 
systems for predicting the service life of structural 
elements operating in aggressive environments. 
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ПРОГНОЗУВАННЯ МЕХАНІЧНИХ ВЛАСТИВОСТЕЙ СТАЛІ 40ХМФА 
НА ОСНОВІ МУЛЬТИФРАКТАЛЬНОГО АНАЛІЗУ МІКРОСТРУКТУРИ 
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Мета роботи. Метою дослідження є розробка та наукове обґрунтування методу кількісної оцінки й про-

гнозування механічних властивостей (межі міцності на розрив, межі текучості, відносного подовження) та 
стійкості до сірководневого корозійно-механічного руйнування сталі 40ХМФА на основі мультифрактального 
аналізу параметрів її бейнітно-мартенситної мікроструктури після різних режимів термічної обробки. 

Методи дослідження. Дослідження проводили на сталі 40ХМФА (0,42 % C; 0,87 % Cr; 0,25 % Mo; 0,14 % 
V). Зразки піддавали гартуванню з 860 °C в олії з подальшим високим відпуском у діапазоні температур 660–
740 °C (крок 20 °C) з витримками 5, 30, 60 та 90 хвилин. Механічні випробування включали статичний розтяг 
на стандартних циліндричних зразках, визначення ударної в’язкості на зразках Шарпі з V-подібним надрізом 
та вимірювання твердості за методами Роквелла і Віккерса. Мікроструктурний аналіз виконували за допомо-
гою оптичної металографії після механічного шліфування, полірування, електролітичного полірування та тра-
влення в 4 % ніталі. Мультифрактальний аналіз зображень мікроструктури здійснювали шляхом розрахунку 
узагальнених розмірностей Реньї (Dq), спектру сингулярностей f(α) та похідних параметрів: D₀, Δ, K і ширини 
спектру Δf(α) окремо для бейнітної та мартенситної складових. Стійкість до сірководневого розтріскування 
оцінювали відповідно до стандартизованих методик у середовищі, насиченому H₂S. 

Отримані результати. Зі збільшенням температури та тривалості відпуску спостерігається закономі-
рне зниження міцнісних характеристик (σв і σt) та зростання пластичності (δ₅). Мультифрактальні парамет-
ри чутливо відображають еволюцію мікроструктури: зменшення D₀ сприяє покращенню пластичності, а зро-
стання параметрів Δ та K – підвищенню опору пластичній деформації. Розроблено регресійні моделі з високи-
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ми коефіцієнтами детермінації (R² = 0,86–0,95), які дозволяють достовірно прогнозувати механічні властиво-
сті виключно за мультифрактальними характеристиками мікроструктури. Показано, що тривалий відпуск 
при 700 °C зберігає ацикулярну морфологію, але супроводжується коагуляційним ростом карбідних частинок. 

Наукова новизна. Наукова новизна роботи полягає в першому системному застосуванні мультифракта-
льного аналізу для кількісної характеристики бейнітно-мартенситної мікроструктури сталі 40ХМФА з ме-
тою прогнозування її механічних властивостей і стійкості до сірководневого корозійно-механічного руйнуван-
ня. Вперше встановлено кількісні кореляції між параметрами D₀, Δ, K, Δf(α) та показниками міцності й плас-
тичності, а також розроблено регресійні залежності, які дозволяють проводити безруйнівну оцінку власти-
востей матеріалу. Доведено вищу інформативність мультифрактального підходу порівняно з традиційними 
методами кількісної металографії при аналізі субструктурних змін. 

Практична цінність. Розроблений мультифрактальний метод і регресійні моделі можуть бути викори-
стані для створення цифрових систем безруйнівного контролю якості та прогнозування довговічності трубо-
проводів і елементів конструкцій, що працюють в агресивних сірководневих середовищах нафтогазової та 
атомної енергетики. Запропонований оптимальний режим термічної обробки − гартування з 860 °C в олії з 
подальшим відпуском при (700 ± 10) °C протягом 90 хвилин − забезпечує раціональний баланс міцності, плас-
тичності та корозійної стійкості сталі 40ХМФА. Це дає змогу скоротити обсяг руйнівних механічних випро-
бувань у виробництві труб подвійного призначення. 

Ключові слова: мультифрактальний аналіз, сталь 40ХМФА, бейнітно-мартенситна структура, терміч-
на обробка, механічні властивості, сірководневе корозійно-механічне руйнування, регресійне моделювання, 
прогнозування, безруйнівний контроль, трубопровідні сталі. 
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DETERMINATION OF TEMPERATURE REGIMES FOR HOT 
DEFORMATION AND ANNEALING OF NEW 4Kh3N3G7M7F STAMPING 

STEEL WITH CONTROLLED AUSTENITIC TRANSFORMATION 
DURING OPERATION AND DISPERSION HARDENING 

Purpose. Determination of heating modes that ensure high technological plasticity during hot pressure treatment 
and the lowest possible hardness after annealing of new 4Kh3N3G7M7F stamping steel with controlled austenitic 
transformation during operation and dispersion hardening.  

Research methods. Torsion and impact bending tests. Hardness measurement. Optical microscopy. X-ray 
structural analysis. 

Results. According to the results of torsion and impact bending tests of 4Kh3N3G7M7F steel in the temperature 
range of 900...1225 °C, it was found that the obtained dependencies have the form of curves with a maximum in the 
temperature range of 1150...1175 °C at a number of twists about 5 and impact toughness of about 92 J/cm2. The torque 
decreases monotonically as the temperature increases (from 2590 N⋅m at 900 °C to 739 N⋅m at 1225 °C). Based on the 
obtained data, the recommended temperature regime for hot pressure treatment of the steel under study is such that the 
maximum heating temperature of the billets (ingots) should not exceed 1175 °C and not be lower than 950 °C. After 
forging and cooling in air, the steel has a bainite-martensite structure with a hardness of 44 HRC. 

Based on the results of the effect of full two-stage and incomplete annealing on the reduction of hardness, it was 
established that the dependence of hardness on annealing in the temperature range of Ac1-Ac3 has the form of a curve 
with a minimum. Full annealing of the studied steel reduces the hardness to 35 HRC and is recommended to be 
performed according to the following mode: 800 °C, 2 hours, cooling with the furnace + 680 °C, 2 hours, cooling with 
the furnace. A reduction in steel hardness to 33 HRC is achieved after incomplete annealing at a temperature of 680 °C 
for 6 hours and cooling with the furnace. After annealing to minimum hardness, 4Kh3N3G7M7F steel acquires a 
predominantly fine-grained pearlite structure. 

Scientific novelty. After hot deformation and air cooling, 4Kh3N3G7M7F steel with controlled austenitic 
transformation during operation and dispersion hardening has a bainite-martensite structure with a hardness of 
44 HRC. It has been established that during annealing, the dependence of hardness on the increase in the holding 
temperature of 4Х3Н3Г7М7Ф steel in the range of Ас1-Ас3 has the form of a curve with a minimum at a temperature of 
680 °С. This is explained by a change in the ratio of steel components with the decomposition of the initial bainite-
martensite structure and the restoration of this structure during the cooling of the austenite component. In the annealed 
state, the steel has a predominantly fine-grained pearlite structure. 
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Practical value. Based on the results of torsion and impact bending tests, it has been determined that the hot 
pressure treatment temperature of 4Kh3N3G7M7F steel should be within the range of 1150...950 °C. To improve 
machinability and obtain a more balanced structure, complete and incomplete annealing modes for 4Kh3N3G7M7F 
steel have been developed, which reduce the hardness value to 33...35 HRC (compared to 44 HRC after hot 
deformation). The lowest hardness is achieved by incomplete annealing according to the following mode: 680 °C, 
holding for 6 hours, cooling in the furnace. 

Key words: 4Kh3N3G7M7F steel, technological plasticity, temperature, annealing, hardness, structure. 

Introduction 

The maximum operating temperature of the best 
heat-resistant martensitic stamping steels is no higher than 
700 °C, which is due to the fundamental characteristics of 
their base structure. At the same time, during hot metal 
processing under pressure, the heating of the working 
parts of tools can significantly exceed these temperatures 
[1]. This has necessitated the search for other types of 
stamping materials for use at high temperatures. In 
particular, steels and alloys based on a BCC crystal lattice 
with dispersion hardening are proposed as substitutes for 
standard stamping steels [2–4]. However, their widespread 
use is limited by their cost and poor machinability [5]. These 
shortcomings are largely eliminated in new stamping steels 
with Continuous Annealing Treatment (CAT), the nature and 
development of which are discussed, in particular, in [6–15]. 
They have an FCC crystal lattice at room temperature, which 
gives them satisfactory machinability, and acquire an BCC 
crystal lattice when heated above 500…600 °C, which 
increases their resistance to high-temperature embrittlement. 
This is achieved by lowering their critical points by 
200…300 °C compared to standard heat-resistant stamping 
steels. As a result, steels with CAT offer advantages for 
the manufacture of pressing tools with operating 
temperatures above 700 °C. An additional increase in the 
high-temperature strength of such steels is achieved due 
to their dispersion hardening after quenching and ageing. 
A prerequisite for the dispersion hardening of steels with 
CAT is that after quenching (treatment with a solid 
solution), they must have a predominantly austenitic 
rather than martensitic structure [8, 9]. 

As a result of the search for effective alloying, a new 
stamping steel with CAT grade 4Kh3N3G7M7F [10] has 
been developed, which is capable of strengthening by 
dispersion hardening due to the precipitation of 
intermetallic particles of the Fe2Mo type Laves phase and 
VC type carbides. Its strengthening heat treatment 
consists of quenching (treatment in a supersaturated solid 
solution) from a temperature of 1150 °C and subsequent 
ageing at 725 °C for 2 hours. This provides a significant 
increase in the high-temperature (750 °C and above) 
strength of this steel – 2…3 times compared to heat-
resistant serial martensitic stamping steels. It has been 
established [10] that in order to maintain its advantages, 
4Kh3N3G7M7F steel must have the following component 
content limits (in % by mass): 0,39...0,46 C; 2,7...3,6 Cr; 
2,7...3,5 Ni; 6,1...6,9 Mn; 6,3...7,1 Mo; 1,1...1,8 V; 
0,25...0,36 Si; Fe – the rest. The production and use of 
4Kh3N3G7M7F steel requires knowledge of the correct 

temperature regimes for hot pressure treatment and 
annealing. The temperature range for heating billets during 
hot pressure treatment must ensure satisfactory 
deformability of steels and technological plasticity to 
prevent the formation of cracks during deformation. 
Determining the annealing regime, which involves 
obtaining an equilibrium structure with the lowest possible 
hardness, is important for ensuring satisfactory machining 
of steel. Usually, for this purpose, an attempt is made to 
obtain a pearlite-type structure in alloy steels after 
annealing. Solving this problem for steels with CAT is not 
easy due to the high stability of supercooled austenite and, 
accordingly, the complexity of obtaining such an 
equilibrium structure. All this indicates the need to carry 
out appropriate experiments to solve such problems. 

Purpose of the work 
To determine the heating modes that ensure high 

technological plasticity during hot pressure treatment and 
the lowest possible hardness after annealing of new 
4Kh3N3G7M7F stamping steel with controlled austenitic 
transformation during operation and dispersion hardening. 

Materials and research methods 
4Kh3N3G7M7F steel was smelted in an open 

induction furnace with a capacity of 50 kg and poured 
into square-section ingots. The alloying element content 
of the steel melts was within the grade composition 
specified above. 

Samples for torsion and impact bending tests were 
made from steel ingots. First, the ingots were cut 
lengthwise into 15 mm thick plates, and then cut into 
square-section bars with a side length of 15 mm. Samples 
for torsion and impact bending tests were made from 
these bars.  

In accordance with GOST 3565-80, the torsion test 
specimens had a diameter of 10 mm and a working length 
of 100 mm. The nature of the tests was that one end of the 
specimen was fixed in place, while a pair of forces was 
applied to the other end in a plane perpendicular to the 
axis of the specimen. One end of the sample was fixed, 
while the other rotated at a selected speed. This meant 
that the second end of the sample was able to perform 
longitudinal gradual movements, which excluded the 
possibility of axial tensile stresses forming in the sample. 
The samples were twisted on a KM-50 testing machine. 
The tests were performed at a speed of 20 revolutions per 
minute until the specimens were destroyed. Based on the 
test results, the number of revolutions until the destruction 
of the specimens and the corresponding value of the 
torque Mt were determined.  
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The impact bending test was performed on standard 
Menage specimens with a U-shaped notch with a radius 
of 1 mm. 

To study the annealing modes, the ingots were 
forged into square-section bars with a side length of 
20 mm, which were cooled in air. The bars were cut into 
cubic samples. 

Research results and discussion 
When assessing the technological plasticity of 

4Kh3N3G7M7F steel, it was taken into account that it 
was necessary to determine the temperature range of the 
highest values of plasticity, resistance to destruction and 
the lowest resistance to high-temperature deformation in 
order to predict the best deformability during forging or 
pressing. Torsion and impact bending tests were carried 
out on samples in the temperature range of 
900…1225 °C. The resulting dependencies are shown in 
Fig. 1. It can be seen that during torsion tests, the value of 
the torsional moment Mt monotonically decreases as the 
temperature increases (from 2590 N⋅m at 900 °C to 
740 N⋅m at 1225 °C), which corresponds to the natural 
temperature dependence of steel resistance to plastic 
deformation. The torque Mt decreases most intensively up 
to a temperature of 1150 °C. The temperature dependence 
of the number of revolutions has the form of a curve with 
a maximum in the temperature range 1150...1175 °C at a 
value of about 5 revolutions. The curve of the temperature 
dependence of impact toughness has a similar appearance, 
the maximum value of which (about 92 J/cm2) 
corresponds to testing at temperatures of 1100...1150 °C. 
That is, the best combination of technological plasticity 
characteristics is achieved when heated to a temperature 
of 1150 °C. Higher heating temperatures cause structural 
changes that significantly reduce the technological 
plasticity of steel and can lead to metal destruction during 
hot pressure treatment.  

 
Figure 1. Dependence of torque (Mt), number of twists (n) and 

impact toughness (KCU) of 4Kh3N3G7M7F steel on test 
temperature 

Thus, based on the results of determining the highest 
values of the number of twists and impact toughness, the 
maximum heating temperature of billets (ingots) during 
hot pressure treatment of 4Kh3N3G7M7F steel should not 

exceed 1150 °C. At the same time, the torque value is 
significantly reduced, which ensures good high-
temperature deformability of steel. The lower value of the 
hot deformation temperature is about 950 °C and can be 
adjusted depending on the power of the stamping 
equipment and the size of the forgings. Taking into 
account the obtained results and structural features, the 
following heating scheme for ingots of new 
4Kh3N3G7M7F stamping steel during hot pressure 
treatment is proposed. First, the blank is loaded into a 
furnace at a temperature of 800 °C (taking into account 
that the temperature of Ac3 = 795 °C) and, after complete 
heating, is held for 1 hour to complete the polymorphic 
α → γ transformation. Next, the blank is heated at a rate 
of 50 °C per hour to a forging temperature of 1150 °C, 
held for 1 hour and subjected to forging. The forging 
completion temperature is not lower than 950 °C. During 
the forging process, intermediate heating to 1150 °C is 
possible. The use of this heating scheme ensured the 
production of high-quality 4Kh3N3G7M7F steel forgings. 

Let us consider the results of determining the 
annealing modes that provide 4Kh3N3G7M7F steel with 
the lowest hardness values and, accordingly, better 
machinability. The initial state of processing was forging 
and air cooling. In this state, the steel had a predominantly 
bainite-martensite structure, as shown in Fig. 2. The 
hardness was 44 HRC, which is too high for satisfactory 
machining of steel. 

The study of the effect of different annealing modes 
on the reduction of the hardness of 4Kh3N3G7M7F steel 
was carried out taking into account its relatively low 
critical points: Ac1 at about 530 °C, Ac3 at 795 °C , Ar1 at 
220 °C, Ms at 135 °C, Mf – 40 °C. Full annealing of 
samples was carried out using a two-stage mode with a 
sequential decrease in temperature, and incomplete single 
annealing at different temperatures. 

 
×800 

Figure 2. Microstructure of 4Kh3N3G7M7F steel after forging 
and air cooling 

 
First, the effectiveness of two-stage annealing was 

investigated. The first annealing corresponded to 
complete annealing and consisted of heating the samples 
to temperatures of 800…900 °C (i.e. above Ac3) with a 
holding time of 2 hours and cooling with the furnace 
(100 °C/hour to 300 °C, then in air). This was followed by 
a second annealing at temperatures ranging from 580 to 
730 °C (in the Ac1–Ac3 region) with the same holding 
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time and cooling as in the first annealing. It was assumed 
that after the first annealing, the austenitic structure would 
transform into bainite-martensite, which is due to the high 
stability of supercooled austenitic steel. The purpose of 
the second annealing was to break down the bainite-
martensite structure, i.e. to obtain a more equilibrium 
state and, accordingly, lower steel hardness. The results of 
this experiment are shown in Fig. 3. Each curve 
corresponds to a specific temperature of the previous first 
annealing (indicated on the graph). According to the data 
obtained, the hardness after the first annealing is in the 
range of 39...41 HRC and increases with higher annealing 
temperatures. This is explained by the increase in the 
concentration of carbon and alloying elements in the solid 
solution due to the more complete dissolution of excess 
carbide phases with increasing heating temperature. 

A typical microstructure after the first annealing 
(heating above Ac3 and cooling with the furnace) is 
shown in Fig. 4, a. 

 
Figure 3. Hardness dependence on the temperature of the 
second annealing after different temperatures of the first 

annealing (indicated for each curve in the graph) 

It is similar to the microstructure after forging (see 
Fig. 2), i.e. it is also characterised as bainitic-martensitic, 
but with a slightly smaller austenite grain size, which is 
the result of complete recrystallisation during heating.  

As can be seen from Fig. 3, all curves of hardness 
dependence on the temperature of the second annealing 
have a minimum in the region of 680 °C, which can be 
explained as follows. The decrease in hardness with an 
increase in the holding temperature to 680 °C is due to the 
decomposition of the initial bainite-martensite structure 
formed after the first annealing. As the temperature 
increases from 680 °C to 730 °C, the proportion of the 
austenitic component in the steel increases significantly, 
and subsequent cooling to room temperature will lead to 
its transformation according to bainite-martensite kinetics. 
The increase in hardness due to the formation of such a 
structure during cooling will prevail over the decrease in 

hardness due to the decay of the initial bainite-martensite 
component of the structure. Accordingly, the closer to the 
temperature Ac3 (795 °C), the greater the proportion of 
the bainite-martensite structure in the cooled state, which 
is characterised by increased hardness. 

 
a       ×800 

 

 
b       ×800 

Figure 4. Microstructures of 4Kh3N3G7M7F steel after 
complete step annealing: 

a – first annealing at 800 °C; b – second annealing at 680 °C 

The hardness values in the minimum range for 
different annealing temperatures are slightly different. 
The lowest hardness was obtained for samples that were 
pre-annealed at temperatures of 800…850 °C (average – 
825 °C), equal to 35,1 HRC. This is 9 HRC units less than 
after cooling the forgings in the furnace. The 
microstructure after such annealing is shown in Fig. 4, b 
and mainly corresponds to fine-grained pearlite formed as 
a result of furnace cooling of the decomposition products 
of the initial bainite-martensite structure. There are also 
areas of bainite-martensite structure formed during the 
cooling of the austenite component, which occurs when 
heated above Ac1, and a small amount of residual 
austenite. X-ray phase analysis has established that after 
the second annealing to minimum hardness, the base of 
the steel is α-iron, and the amount of residual austenite 
does not exceed 6%. Phase analysis showed the presence 
of MC and M23C6 carbides in the structure. 

Thus, complete annealing (which is usually used to 
obtain a more perfect structure) to a hardness of 35 HRC 
is recommended to be performed in a stepwise mode: 
825 °C, 2 hours, cooling with the furnace + 680 °C, 2 
hours, cooling with the furnace. 

Let us consider the results of a study of single 
annealing for the possibility of reducing the hardness of 
steel. The change in steel hardness after heating and 
holding samples in the temperature range of 580...850 °C 
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for 2 hours with cooling both in the furnace and in air was 
investigated. For the selected temperature range, such 
annealing is considered incomplete. Figure 5 shows that 
the dependencies obtained for both cooling methods are 
curves with a minimum at 680 °С, as for complete step 
annealing. When the heating temperature is increased to 
800 °C, the hardness reaches its maximum value and then 
stops increasing. This is due to the fact that above ac3 
(795 °C), the steel becomes completely austenitic, and 
when cooled, it acquires a bainite-martensite structure. 
The presence of a minimum on the curves is explained in 
the same way as in the case of the complete step 
annealing considered above. Naturally, the cooling curve 
with the furnace is lower than that with air cooling. 
Accordingly, if in the first case the minimum hardness 
value is 34,7 HRC, then in the second case it is 
35,6 HRC. 

The possibility of achieving even lower hardness 
after single annealing by increasing the holding time to 6 
hours at temperatures around 680 °C, i.e. 630...700 °C, 
was also investigated. The results obtained are shown in 
Table 1. 

It can be seen that as the holding time increases, the 
hardness values at all temperatures decrease slightly. 
Moreover, for all annealing temperatures after cooling in 
the furnace, the hardness is 0,8...1,5 HRC units lower 
compared to air cooling. The lowest hardness of 
32,5 HRC is achieved by annealing at 680 °C for 6 hours 
and cooling in the furnace. This incomplete annealing 
mode can be recommended for 4Kh3N3G7M7F steel to 
ensure better machinability. The microstructure after such 
annealing is similar to that shown in Fig. 4, b, i.e. It is 
mainly fine-grained pearlite with areas of bainite-
martensite and residual austenite. The difference is the 
larger grain size of austenite and the heterogeneity of the 
structure, which is characteristic of annealing when 

heated to temperatures of incomplete recrystallisation. 
Thus, to reduce the hardness of the new 

4Kh3N3G7M7F steel after hot deformation, annealing 
can be performed, depending on the complex 
requirements for structure and hardness, either with 
complete (full annealing) or partial (incomplete 
annealing) recrystallisation. 

Full annealing, which is usually used to obtain a 
more perfect structure, is performed in a stepwise mode: 
825 °C, 2 hours, cooling with the furnace + 680 °C, 2 
hours, cooling with the furnace. The hardness after such 
annealing is about 35 HRC. Incomplete annealing reduces 
the hardness to 33 HRC and is performed according to the 
following mode: 680 °C, 6 hours, cooling with the 
furnace. 

 

 
Figure 5. Effect of annealing temperature (2 hours holding 

time) on hardness after different cooling of steel

Table 1 – Hardness values of 4Kh3N3G7M7F steel after different temperatures and times of incomplete annealing  

Annealing temperature, °С Exposure time, hours Cooling method Hardness, НRС 

650 

2 with a furnace 34,5 
in the air 35,2 

4 with a furnace 34,1 
in the air 34,5 

6 with a furnace 32.8 
in the air 33,5 

680 

2 with a furnace 33,8 
in the air 35,1 

4 with a furnace 32,6 
in the air 34,3 

6 with a furnace 32,5 
in the air 33,3 

700 

2 with a furnace 34,5 
in the air 35,1 

4 with a furnace 33,5 
in the air 34,7 

6 
with a furnace 33,1 

in the air 34,0 
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Conclusions 

During hot pressure treatment of new 
4Kh3N3G7M7F stamping steel with CAT and dispersion 
hardening, the maximum heating temperature of billets 
(ingots) should not exceed 1150…1175 °C. This 
temperature corresponds to the maximum values of the 
technological plasticity of steel according to the results of 
torsion and impact bending tests and a significant 
reduction in torque. The lower value of the hot 
deformation temperature is recommended to be at least 
900 °C. 

After hot deformation and air cooling, 
4Kh3N3G7M7F steel has a bainite-martensite structure 
with a hardness of 44 HRC. Full annealing of the tested 
steel reduces the hardness to 35 HRC and is 
recommended to be performed according to the following 
regime: 850 °C, 2 hours, cooling with the furnace + 
680 °C, 2 hours, cooling with the furnace. A reduction in 
steel hardness to 33 HRC is achieved after incomplete 
annealing according to the following regime: 680 °C, 6 
hours, cooling with the furnace. The dependence of 
hardness on annealing in the temperature range Ac1–Ac3 
has the form of a curve with a minimum, which is due to a 
change in the ratio of particles of the bainite-martensite 
structure that disintegrated and formed during the cooling 
of austenite. In the annealed state, 4Kh3N3G7M7F steel 
has a predominantly fine-grained pearlite structure at 
minimum hardness. 
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ВИЗНАЧЕННЯ ТЕМПЕРАТУРНИХ РЕЖИМІВ ГАРЯЧОЇ ДЕФОРМАЦІЇ 
ТА ВІДПАЛУ НОВОЇ ШТАМПОВОЇ СТАЛІ 4Х3Н3Г7М7Ф 

З РЕГУЛЬОВАНИМ АУСТЕНІТНИМ ПЕРЕТВОРЕННЯМ ПРИ 
ЕКСПЛУАТАЦІЇ ТА ДИСПЕРСІЙНОМУ ТВЕРДІННЮ 
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Мета роботи. Визначення режимів нагріву, що забезпечують високу технологічну пластичність при 
гарячій обробці тиском та якомога меншу твердість після відпалу нової штампової сталі 4Х3Н3Г7М7Ф з 
регульованим аустенітним перетворенням при експлуатації та дисперсійному твердінню. 

Методи дослідження. Випробування на кручення та ударний згин. Вимірювання твердості. Оптична 
мікроскопія. Рентгеноструктурний аналіз. 

Отримані результати. За даними випробувань сталі 4Х3Н3Г7М7Ф на кручення та ударний згин в 
інтервалі температур 900…1225 °С встановлено, що отримані залежності мають вигляд кривих з 
максимумом в області температур 1150…1175 °С при числу обертів біля 5 та ударної в’язкості біля 
92 Дж/см2. Величина крутного моменту монотонно зменшується по мірі зростання температури (від 
2590 Н⋅м при 900 °С до 739 Н⋅м при 1225 °С). Відповідно отриманим даним рекомендовано температурний 
режим гарячої обробки тиском дослідженої сталі, за яким максимальна температура нагріву заготовок 
(зливків) повинна бути не вище  1175 °С та не нижче 950 °С. Після кування і охолодження на повітрі сталь має 
бейнітно-мартенситну структуру з твердістю 44 НRС. 

За результатами впливу на зниження твердості повного двоступеневого та неповного відпалів 
встановлено, що залежність твердості від відпалу в області температур Ас1-Ас3 має вигляд кривої з 
мінімумом. Повний відпал дослідженої сталі забезпечує зниження твердості до 35 НRС і рекомендовано 
виконувати за таким режимом: 800 °С, 2 години, охолодженні з піччю + 680 °С, 2 години, охолодженні з 
піччю. Зниження твердості сталі до 33 НRС досягається після неповного відпалу при температурі 680 °С 
протягом 6 годин і охолодження з піччю. Після відпалу на мінімальну твердість сталь 4Х3Н3Г7М7Ф набуває 
переважно структуру дрібнодисперсного зернистого перлиту. 

Наукова новизна. Після гарячої деформації та охолодження на повітрі сталь 4Х3Н3Г7М7Ф з 
регульованим аустенітним перетворенням при експлуатації та дисперсійним твердінням має бейнітно-
мартенситну структуру з твердістю 44 НRС. Встановлено, що при відпалі залежність твердості від 
зростання температури витримки сталі 4Х3Н3Г7М7Ф в інтервалі Ас1-Ас3 має вигляд кривої з мінімумом при 
температурі 680 °С. Пояснюється це зміною співвідношення складових часток сталі з розпадом вихідної 
бейнітно-мартеситноі структури та з поновленням такої структури при охолодженні аустенітної складової. 
У відпаленому стані сталь має переважно структуру дрібнодисперсного зернистого перлиту. 

Практична цінність. За результатами випробувань на кручення та ударний згин визначено, що 
температура гарячої обробки тиском сталі 4Х3Н3Г7М7Ф повинна знаходитися в межах 1150…950 °С. Для 
покращення обробки різанням та отримання більш рівновагової структури розроблені режими повного та 
неповного відпалів сталі 4Х3Н3Г7М7Ф, які знижують значення твердості до 33…35 НRС (порівняно з 44 НRС 
після гарячої деформації). Найменшу твердість забезпечує неповний відпал за режимом: 680 °С, витримка 6 
годин, охолодження з піччю. 

Ключові слова: сталь 4Х3Н3Г7М7Ф, технологічна пластичність, температура, відпал, твердість, 
структура. 
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INFLUENCE OF DISCONTINUOUS CHIP FORMATION ON THE 
EXCITATION OF REGENERATIVE SELF-OSCILLATIONS DURING 

TURNING 

Purpose. The objective of this study is to investigate the influence of discontinuous chip formation on the excita-
tion of regenerative self-oscillations during turning, to compare the vibration for continuous and discontinuous chip 
formation mechanisms, and to improve the prediction of machining stability for brittle materials. 

Research methods. The study was carried out under conditions of continuous orthogonal turning using a CNC 
lathe. Vibration was investigated with a single degree of freedom cutter–oscillator designed in the direction of chip 
thickness variation. The displacement of the cutting edge during machining was measured using an inductive sensor, 
and the signals were recorded through a multi-channel data acquisition system and processed on a computer. Oscillo-
grams were analyzed to determine vibration amplitude and static deflection.  

Results. The experimental results showed that the type of chip formation has a significant influence on vibration 
during turning. When machining steel AISI 1045, characterized by continuous chip formation, pronounced regenerative 
chatter was observed in the cutting speed range of v=100–250 m/min, with vibration amplitude increasing as cutting 
speed increased. In contrast, during machining of gray cast iron GG35, which produces discontinuous chips, no regen-
erative chatter was detected; only low-amplitude random vibrations were present, and their level remained nearly con-
stant over the entire cutting speed range. For bronze CuSn3Zn13Pb4, also characterized by discontinuous chip for-
mation, regenerative chatter occurred only at higher cutting speeds (v=150–250 m/min), and the vibration amplitude 
increased with cutting speed similarly to steel.  

Scientific novelty. The scientific novelty of this study lies in establishing the influence of discontinuous chip for-
mation on the suppression and excitation conditions of regenerative self-oscillations during turning.  

Practical value. The practical significance of this study lies in improving the prediction of machining stability 
when processing materials with different chip formation mechanisms. The obtained results can be used to select optimal 
cutting conditions that reduce or prevent regenerative self-oscillations, especially when machining brittle materials.  

Key words: vibration, regenerative self-oscillations, chip formation, cutter-oscillator, chip type. 

Introduction  

Vibration during turning remains a key problem in 
machining, as it significantly impacts surface quality, part 
accuracy, and cutting tool life [1]. The most undesirable 
type of vibration during machining is considered to be  

 
regenerative self-oscillations, the mechanism of which is 
associated with cutting along a vibrational wavy trace that 
arose during the previous revolution of the part, leading to 
a change in the thickness of the cut layer over time during 
cutting [2]. 
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Chip formation can also significantly influence cut-
ting dynamics. Depending on the properties of the work-
piece material and machining conditions, chip formation 
varies significantly, resulting in the formation of various 
chip types: continuous, discontinuous, and segmental 
chips [3]. In continuous chip formation, plastic defor-
mation of the material occurs more continuously. Seg-
mented chip formation is accompanied by the periodic 
formation of shear segments and the occurrence of high-
frequency oscillations in cutting force. In discontinuous 
chip formation, the cutting process has a pronounced in-
termittent nature, caused by brittle fracture of the material 
and the formation of individual chip fracture elements. In 
this case, chip formation is accompanied by sharp surges 
in cutting forces and brief unloading of the cutting tool, 
which leads to pulsed excitation of oscillations. This spec-
ificity of the interaction between the tool and the work-
piece can both limit the development of classical regener-
ative self-oscillations due to the break in feedback and, 
under certain conditions, initiate complex non-stationary 
vibration modes that require separate theoretical and ex-
perimental analysis. 

Different chip formation types differ significantly in 
the mechanism of plastic deformation of the material, the 
frequency of chip formation, and the nature of cutting 
force changes. Most existing theoretical and experimental 
studies focus on the machining of plastic materials, which 
are characterized by continuous chip formation. Mean-
while, when machining brittle materials, such as gray cast 
iron, discontinuous chip formation occurs. Despite this, 
the influence of discontinuous chips on the excitation of 
regenerative self-oscillations has been insufficiently stud-
ied, and the applicability of classical models developed 
for continuous chip formation remains controversial. 

Thus, there is need to expand the theory of cutting 
process dynamics to the class of brittle materials with 
discontinuous chip formation, which will allow for more 
accurate prediction of the stability of the turning process 
and the development of effective methods for vibration 
suppression. 

Literature review 

The problem of vibration during turning has been 
studied for a long time, but its physical nature still does 
not have an unambiguous interpretation. In early works, 
the main attention was paid to phenomena associated with 
contact processes on the cutting edge of the tool. In par-
ticular, one of the first explanations for the occurrence of 
vibrations was based on the periodic formation and 
breakdown of built up edge. In studies [4, 5] it was shown 
that the built up edge is cyclically formed and destroyed, 
causing a change in cutting forces and, as a result, excita-
tion of vibrations of the technological system. 

Most scientists associate the appearance of vibra-
tions with the regenerative effect, which is considered the 
main source of self-oscillations during turning [6–9]. 
However, in work [10] it was established that waviness on 

the cutting surface is not the cause of regenerative self-
oscillations, but rather their consequence. At the same 
time, vibrations occur as a result of the resonance of the 
frequency of chip formation and the natural frequency of 
the cutter during cutting. 

In parallel with the development of the theory of re-
generative self-oscillations, considerable attention was 
paid to the study of the chip formation process itself as a 
source of vibration excitation. It was found that chip seg-
mentation is accompanied by fluctuations in cutting forc-
es, which can act as a source of vibration excitation. 

In [10], when turning steel AISI 1040, it was found 
that the frequency of formation of secondary and primary 
waves on the free side of the chip increases almost linear-
ly with cutting speed. The vibration amplitude increases 
sharply when the chip segmentation frequency curve ap-
proaches the corresponding curve of the natural frequency 
of the cutter (at approximately 100 m/min). 

In [11], graphs of the dependence of chip type on 
cutting speed were constructed during a study of various 
steels and a titanium alloy. It was found that when the 
chip formation frequency coincides with one of the natu-
ral oscillation frequencies of the machine's elastic system, 
resonance can occur, leading to intense vibrations. To 
avoid instability of the chip formation process in the local 
shear plane, the tool oscillation frequency must exceed 
the segmental chip formation frequency. 

In [12], vibrations during milling of gray cast iron 
were studied. Based on the results, a stability lobe dia-
gram in the frequency domain was constructed. In the 
study, the oscillator was a component with one degree of 
freedom along the z-axis. Milling was performed using a 
multi-tooth face mill with a 45° cutting angle. This re-
search method does not allow for the study of regenera-
tive self-oscillations alone. 

The study [13] presents a hybrid methodology based 
on an artificial neural network, specifically developed for 
predicting the surface roughness of GG-25 gray cast iron 
workpieces processed during turning. These studies did 
not consider the effect of vibration on roughness. 

In [14], a comprehensive model for predicting vibra-
tions during turning of cast iron brake discs was devel-
oped, and a stability lobe diagram was constructed. A test 
cutting method was proposed for identifying vibrations 
during radial turning using continuous cutting at variable 
speed. It was established that the intensity of vibrations is 
affected by cutting speed; vibrations occur in a specific 
speed range in which the peak amplitude of oscillations is 
observed. 

In [15], the influence of cutting parameters and the 
chemical composition of cast iron on the excitation of 
regenerative self-oscillations was established. It was 
found that a higher C-Si content in cast iron helps sup-
press the resulting vibrations; turning cast iron with a high 
carbon content with a lower C-Si content at low cutting 
speeds is accompanied by intense regenerative self-
oscillations. 
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Despite the considerable amount of research, most 
of them focus on continuous or segmented chip for-
mation, or use a methodology that is not able to separately 
study only regenerative self-oscillations. At the same 
time, the processes characteristic of the processing of brit-
tle materials with the formation of discontinuous chips 
remain less studied. This limits the possibilities of apply-
ing classical models of cutting dynamics and necessitates 
the further development of the theory taking into account 
the peculiarities of discontinuous chip formation. 

The aim of the study is to investigate the influence 
of discontinuous chip formation on the excitation of re-
generative self-oscillations during turning. 

Research methodology 

The experiments were carried out under continuous 
orthogonal turning conditions on a Zenitech WL 320 
CNC lathe [16]. A cutter-oscillator with one degree of 
freedom in the direction of change in the thickness of the 
cut layer was used to study the vibrations [17]. The natu-
ral frequency of the cutter-oscillator oscillations was 
fn=500Hz. The cutter-oscillator was installed in the tool 
holder of the machine using a special device, in the hous-
ing of which an inductive displacement sensor Schneider 
Electric XS4-P12AB110 was installed (Fig. 1). Vibrations 
of the cutting edge during the turning process were rec-
orded by this sensor and fed to a multichannel analog-to-
digital converter L-Card E140 and transmitted in digital 
form to a personal computer. Signal processing was per-
formed in PowerGraph 3.3 software. The obtained oscil-
lograms were used to determine the cutting edge oscilla-
tion amplitude Ax and the static deflection Bx. Additional-
ly, a spectral analysis of the oscillograms was performed 
using the fast Fourier transform method to determine the 
frequency of self-oscillations fSO. 

 
Figure 1. Workplace for vibration research [18] 

The workpieces were cylindrical, D=120mm, 
L=100mm, ensuring high system rigidity during continu-
ous turning. To compare the effects of different chip for-
mation types on vibration excitation during turning, the 
following workpieces were used: grade steel AISI 1045 
with continuous chips, gray cast iron GG35, and bronze 
CuSn3Zn13Pb4 – materials characterized by discontinu-
ous chip. 

Turning was performed under the following cutting 
conditions: cutting speed v=50-250m/min, feed rate 
S=0.2mm/rev, depth of cut t=1mm, without cooling. 

The cutting carbide insert T15K6 (Р30 ) has the fol-
lowing geometric parameters: γ=0°, α=10°, φ=90°, λ=0°, 
r=0.15 mm. The wear area on the flank surface of the cut-
ter was maintained in the range of 0.05...0.1 mm. 

Results and discussion 

As a result of the research during turning of different 
materials, oscillograms of the cutting edge oscillations 
were recorded (Fig. 2–4), according to which the oscilla-
tion amplitude Ax and the static deflection of the cutter-
oscillator Bx and the frequency of self-oscillations fSO 
were measured (Table 1–3). 

When turning steel AISI 1045 with the cutter-
oscillator, intense regenerative self-oscillations were ob-
served in the cutting speed range of v=100–250 m/min. 
The oscillation amplitude increased with increasing cut-
ting speed. When turning cast iron GG35, regenerative 
self-oscillations were absent; oscillograms showed ran-
dom oscillations whose amplitude remained virtually un-
changed with increasing cutting speed. When turning 
bronze CuSn3Zn13Pb4, regenerative self-oscillations 
were observed at cutting speeds of v=150–250 m/min. 
With increasing cutting speed, the oscillation amplitude 
increased, similar to that observed for steel AISI 1045. 

Table 1 – Results of the study when turning steel AISI 
1045 

v, m/min Ах, mm Вх, mm fSO, Hz 

50 0.03…0.035 0.25…0.283 - 

100 0.040…0.048 0.18…0.216 625 

150 0.050…0.063 0.16…0.2 625 

200 0.066…0.075 0.16…0.183 625 

250 0.075…0.091 0.166…0.2 625 

 
Table 2 – Results of the study during turning of bronze 

CuSn3Zn13Pb4 
v, m/min Ах, mm Вх, mm fSO, Hz 

50 0.018…0.023 0.043…0.046 - 

100 0.016…0.025 0.046…0.050 - 

150 0.021…0.028 0.046…0.050 582 

200 0.050…0.075 0.046…0.050 570 

250 0.083…0.100 0.043…0.046 581 

 
Table 3 – Results of the study during turning of cast iron 

GG35 
v, m/min Ах, mm Вх, mm fSO, Hz 

50 0.011…0.016 0.183…0.19 - 

100 0.008…0.014 0.15…0.166 - 

150 0.006…0.014 0.156…0.163 - 

200 0.006…0.013 0.16…0.17 - 

250 0.008…0.012 0.16…0.166 - 
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Figure 2. Oscillogram of steel AISI 1045  turning at a speed of 

v =150 m/min 

 
Figure 3. Oscillogram of turning cast iron GG35 at a speed of 

v =150 m/min 

 
Figure 4. Oscillogram of turning bronze CuSn3Zn13Pb4 at 

a speed of v =150 m/min 
 
The chips when turning steel AISI 1045 had a wave 

on the free surface, which confirmed the presence of re-
generative self-oscillations (Fig. 5a). And the chips of 
cast iron GG35 and bronze CuSn3Zn13Pb4 were formed 
from numerous pieces of irregular shape, not connected or 
weakly connected with each other, from which it was not 
possible to decide the nature of vibration (Fig. 4bc). 

The amplitude of the regenerative self-oscillations of 
the cutting edge of the cutter-oscillator was reflected in 
the vibration patterns of the machined surface (Fig. 6). On 
the surface of steel AISI 1045, there was a clear wave 
from the oscillations of the cutter tip; on bronze 
CuSn3Zn13Pb4, the wave was much smaller, and on cast 
iron GG35, the wave was absent. 

An analysis of the amplitude-frequency spectra 
(Fig.7) revealed that a dominant oscillation frequency was 
observed when turning steel AISI 1045 at cutting speeds 
of 100-250 m/min and bronze CuSn3Zn13Pb4 at cutting 
speeds of 150-250 m/min. The dominant frequency in the 

spectrum was slightly higher than the natural frequency of 
the cutter-oscillating. This confirms that the observed 
vibration is regenerative self-oscillation. When turning 
cast iron GG35 the dominant frequency was absent across 
the entire cutting speed range, indicating the absence of 
regenerative self-oscillations. 

 
a 

 
b 

 
c 

Figure 5. Chips during turning of steel AISI 1045 (a), cast iron 
GG35 (b), bronze CuSn3Zn13Pb4 (c) at a speed of v=150 m/min 

 

                
a            b            c 

Figure 6. Vibration pattern on the machined surface of steel 
AISI 1045 (a), cast iron GG35 (b ), bronze CuSn3Zn13Pb4 (c) 

at a speed of v=150 m/min 
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a 

 
b 

 
c 

Figure 7. Amplitude-frequency spectrum during turning of steel AISI 1045 (a), cast iron GG35 (b), bronze CuSn3Zn13Pb4 (c) at a 
speed of v=150 m/min
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Conclusion 

The conducted studies have shown that the type of 
chip formation has a significant impact on the excitation 
of regenerative oscillations during turning. It was found 
that regenerative oscillations are excited during turning of 
steel AISI 1045, which produces continuous chips. This is 
due to the relatively continuous nature of plastic defor-
mation and the stable formation of the shear layer, which 
facilitates the development of positive feedback between 
the cutting process and the cutter-oscillator. 

At the same time, materials characterized discontin-
uous chip formation (cast iron GG35, bronze 
CuSn3Zn13Pb4) dampen regenerative oscillations. The 
discontinuous, random nature of chip formation, caused 
by brittle fracture of the material, dampens the oscillator's 
oscillations via the feedforward coupling and prevents the 
oscillatory system from oscillating via the feedback cou-
pling. 
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НАДЛОМУ, НА ЗБУДЖЕННЯ РЕГЕНЕРАТИВНИХ АВТОКОЛИВАНЬ 
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Мета роботи. Метою цього дослідження є вивчення впливу стружкоутворення на збудження регенера-

тивних автоколивань при точінні, порівняння поведінки автоколивань при стружкоутворенні, яке створює 
зливну стружку та стружку надлому, а також прогнозування стабільності обробки крихких матеріалів. 

Методи дослідження. Дослідження проводилося в умовах безперервного ортогонального точіння на то-
карному верстаті з ЧПК. Вібрацію досліджували за допомогою різця-осцилятора з одним ступенем свободи в 
напрямку зміни товщини шару, що зрізається. Зміщення різальної кромки під час обробки вимірювали за допо-
могою індуктивного датчика, а сигнали записували за допомогою багатоканальної системи збору даних та 
обробляли на комп'ютері. Осцилограми аналізували для визначення амплітуди та статичного відхилення. 

Результати. Експериментальні результати показали, що тип утворення стружки має значний вплив на 
вібрацію під час точіння. Під час обробки сталі 45, що характеризується зливним стружкоутворенням, у 
діапазоні швидкостей різання v = 100–250 м/хв спостерігалися регенеративні автоколивання, при цьому ам-
плітуда їх зростала зі збільшенням швидкості різання. Натомість, під час обробки сірого чавуну СЧ35, який 
утворює стружку надлому, регенеративних автоколивань не виявлено; були наявні лише випадкові коливання 
низької амплітуди, рівень яких залишався майже постійним у всьому діапазоні швидкостей різання. Для бронзи 
БрО3Ц13С4, що також утворює стружку надлому, регенеративні автоколивання виникали лише при вищих 
швидкостях різання (v=150–250 м/хв), амплітуда їх зростала зі швидкістю різання, подібно до сталі. 

Наукова новизна. Наукова новизна цього дослідження полягає у встановленні впливу стружкоутворення 
на умови пригнічення та збудження регенеративних автоколивань при точінні. 

Практична цінність. Практичне значення цього дослідження полягає в покращенні прогнозування 
стабільності при обробці матеріалів з різними механізмами стружкоутворення. Отримані результати мо-
жуть бути використані для вибору оптимальних умов різання, які зменшують або запобігають виникненню 
регенеративних автоколивань, особливо під час обробки крихких матеріалів. 

Ключові слова: вібрація, регенеративні автоколивання, стружкоутворення, різець-осцилятор, форма 
стружки.
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THERMO-MECHANICAL EFFECTS OF CUTTING PARAMETERS ON 
HOLE PERFORMANCE AND TOOL WEAR IN 

CARBON POLIMER / TITANIUM ALLOY STACK 

Purpose. To systematize and summarize the results of scientific studies on the influence of cutting parameters on 
hole accuracy, machined surface quality, tool wear intensity, and built-up edge formation during drilling of Carbon 
Fiber-Reinforced Polymer (CFRP)/titanium alloy stacks. 

Research methods. A comparative parametric analysis was applied to evaluate the influence of feed rate and cutting 
speed on drilling thrust force, temperature in the cutting zone, delamination intensity in the composite layer, burr height 
in the titanium layer, surface roughness, and tool wear progression. Experimental and numerical results reported in 
recent scientific publications were analyzed and integrated to determine cause-and-effect relationships between cutting 
parameters, thermomechanical processes in the cutting zone, and hole quality indicators. 

Results. Feed rate was identified as the primary factor governing mechanical loading during drilling and therefore 
determining the extent of delamination in the CFRP layer. Cutting speed mainly affects the thermal state of the cutting 
zone and adhesion phenomena in the titanium alloy. Built-up edge formation and adhesive material transfer to the cutting 
edge modify the effective tool micro-geometry, leading to increased axial forces, reduced hole accuracy, and decreased 
drilling stability. 

Scientific novelty. The synthesis of previously published results substantiates the need for an integrated approach 
to evaluating drilling of CFRP/titanium alloy stacks as a unified thermomechanical system. Within this framework, cutting 
parameters, tool wear evolution, and built-up edge formation are considered interrelated factors governing the transition 
between abrasive, adhesive, and diffusion wear mechanisms depending on process conditions. 

Practical value. The obtained generalizations may guide further research in machining CFRP/titanium alloy stacks, 
particularly for extending tool life, stabilizing the drilling process, and optimizing cutting parameters to improve hole 
quality. 

Key words: drilling, CFRP/titanium alloy stacks, cutting parameters, delamination, built-up edge, tool wear, ther-
momechanical interaction, comparative parametric analysis. 

Introduction  

Carbon Fiber-Reinforced Polymer (CFRP) and Ti-
6Al-4V alloy stacks are widely used in aerospace structures 
due to their high specific strength and durability. Despite 
these advantages, drilling assembly holes in such multi-
material systems remains technologically challenging. The 
composite layer exhibits anisotropic behavior and limited 
interlaminar strength, while titanium exhibits low thermal 
conductivity, strong plasticity, and a high affinity for cut-
ting tools. The abrupt transition between these materials 
during drilling generates complex thermo-mechanical in-
teractions that often lead to delamination, burr formation, 
dimensional inaccuracy, accelerated tool wear, and built-
up edge (BUE) formation. 

Existing research has established that drilling perfor-
mance in CFRP/Ti stacks is strongly dependent on cutting 
parameters. Feed rate primarily influences thrust force and 
interlaminar stress development in the composite layer, 

whereas cutting speed governs temperature rise and defor-
mation behavior in titanium. Elevated mechanical loading 
intensifies composite damage, while excessive thermal ac-
cumulation promotes titanium plastic flow and adhesion to 
the cutting edge. Consequently, hole quality, surface integ-
rity, and tool degradation are controlled by the combined 
action of mechanical and thermal effects rather than by iso-
lated parameters. 

Numerous experimental and numerical studies have 
addressed force prediction, temperature distribution, dam-
age mechanisms, and wear behavior in stack drilling. As-
sisted technologies such as ultrasonic vibration, helical 
milling, and hybrid cooling strategies have demonstrated 
reductions in thrust force or thermal concentration. How-
ever, reported optimal parameter ranges remain incon-
sistent, particularly under varying lubrication and assis-
tance conditions. Furthermore, many investigations ana-
lyze dimensional accuracy, surface quality, or tool wear in-
dependently, although these phenomena are inherently in-
terrelated. 
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Adhesion-induced BUE formation represents a key 
transitional mechanism linking temperature rise, wear pro-
gression, and geometric instability. Modification of the 
cutting edge by adhered titanium alters contact mechanics, 
affecting hole accuracy and surface morphology. Despite 
advances in finite element and data-driven modeling, com-
prehensive approaches that simultaneously relate cutting 
parameters to wear evolution, BUE dynamics, and result-
ing hole quality in CFRP/Ti stacks remain limited. 

Therefore, a systematic and integrated assessment of 
the influence of cutting parameters on the thermo-mechan-
ical behavior, tool wear, and hole performance is required. 
Such analysis is essential for establishing predictive and 
stable drilling strategies for aerospace-grade multi-material 
structures. 

Analysis of research and publications 

Recent studies have extensively examined the mech-
anisms of drilling-induced damage in CFRP and stack con-
figurations. Delamination and matrix cracking in CFRP are 
strongly influenced by thrust force and temperature rise [1-
3], while burr formation and plastic deformation dominate 
the titanium layer, particularly at elevated temperatures [2, 
4]. Surface roughness and hole dimensional accuracy are 
governed by cutting speed–feed combinations and tool ge-
ometry, as well as by thermal softening and chip–wall in-
teraction effects [5, 6]. Helical milling and ultrasonic-as-
sisted drilling have demonstrated reduced thrust forces and 
improved chip evacuation compared to conventional drill-
ing [7], yet parameter sensitivity remains high. 

Tool wear behavior in stack drilling is complex and 
often dominated by adhesive and diffusion mechanisms in 
titanium and abrasive wear in CFRP [6, 8, 9]. Adhesion of 
titanium to the cutting edge frequently results in BUE or 
build-up layer (BUL) formation, altering tool geometry, in-
creasing forces, and accelerating wear progression [4, 9, 
10]. Cooling and lubrication strategies such as MQL, Cryo-
MQL, and ultrasonic-assisted cryogenic systems have 
shown potential to mitigate temperature rise and adhesion 
wear [11-14], but their effectiveness depends strongly on 
the selection of cutting parameters. 

Although numerous works have addressed isolated 
aspects of temperature fields [15], stress distribution [16], 
tool geometry [5, 6], coating performance [6, 9], lubrica-
tion systems [12, 14], and AI-based predictive modeling 
[17], the majority of studies treat hole quality, tool wear, 
and BUE formation as partially independent phenomena. 
However, in CFRP/Ti stack drilling, these effects are in-
herently interrelated: cutting parameters influence temper-
ature and stress distribution, which govern adhesion behav-
ior and BUE stability. These, in turn, modify the effective 
cutting-edge radius and contact mechanics, ultimately af-
fecting hole accuracy and surface integrity. 

Feed rate is generally the dominant parameter con-
trolling thrust force and delamination [3, 6], whereas cut-
ting speed primarily governs thermal softening and adhe-

sion in titanium [2, 10, 18]. However, contradictory find-
ings exist regarding optimal speed-feed windows, particu-
larly under hybrid lubrication and ultrasonic assistance   
[12, 19, 20]. Moreover, while modeling efforts using finite 
element approaches [2, 21], hybrid analytical–numerical 
frameworks [16], and data-driven prediction methods [17, 
22] have advanced force and temperature prediction, ro-
bust coupling between cutting parameters, tool wear pro-
gression, and BUE formation in stack drilling remains in-
sufficiently addressed. 

Purpose of work 

Despite significant progress, there is still a lack of in-
tegrated analysis that simultaneously links cutting parame-
ters to tool wear evolution, BUE dynamics, and resulting 
dimensional deviations, particularly in CFRP/Ti alloy 
stacks. Most studies focus either on hole damage or on 
wear mechanisms separately, without establishing mecha-
nistic interdependencies. In particular, the parameter-de-
pendent transition between adhesive wear and thermally 
activated diffusion wear in titanium, and its feedback effect 
on delamination and surface integrity in the CFRP layer, is 
not yet comprehensively understood. Therefore, more 
solid, systematic research is required to clarify how cutting 
speed–feed combinations influence tool wear mechanisms 
and BUE formation during drilling of CFRP/Ti stacks, and 
how these wear-induced geometric changes propagate into 
hole quality deterioration. Such understanding is essential 
for developing predictive, parameter-optimized, and dam-
age-controlled drilling strategies for aerospace-grade 
multi-material structures. 

Research material and methodology 

This work presents a structured analytical review of 
peer-reviewed studies on the drilling of CFRP/Ti-6Al-4V 
stacks. The methodological framework was developed to en-
able systematic comparison of mechanical, thermal, and tribo-
logical process characteristics and to identify interdependen-
cies between cutting parameters and drilling performance. 

The analysis included experimental and validated nu-
merical studies that explicitly reported feed rate and cutting 
speed and provided quantitative evaluation of thrust force, 
temperature, delamination, burr height, surface roughness, 
tool wear, or built-up edge formation. Both conventional 
and assisted techniques, namely ultrasonic drilling, helical 
milling, cryogenic, and hybrid cooling, were considered to 
assess parameter sensitivity under different processing 
conditions. 

The selected publications were classified into four do-
mains. These domains are mechanical response, thermal 
behavior, hole quality and surface integrity, and tool wear 
with adhesion phenomena. A comparative-parametric ap-
proach was applied to evaluate consistent trends, focusing 
on correlations between feed rate and thrust force, cutting 
speed and interface temperature, and the transition of wear 
mechanisms under different thermo-mechanical modes. 
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Reported quantitative indicators were used to support trend 
validation. 

An integrative interpretation was adopted to consider 
mechanical load, temperature evolution, adhesion stability, 
and wear progression. Cross-comparison of experimental 
and modeling results ensured consistency and strengthened 
the reliability of the derived conclusions.  

Research results 
Drilling of CFRP/Ti stacks is characterized by ther-

momechanical heterogeneity resulting from the abrupt 
transition between the anisotropic brittle composite and the 
ductile titanium alloy. The chisel edge region operates at 
near-zero cutting speed, where extrusion and ploughing 
mechanisms dominate over pure shearing. Hybrid analyti-
cal–numerical modeling demonstrates that during the ini-
tial penetration stage, the contact area increases rapidly. In 
contrast, the contact pressure decreases due to localized 
thermal softening, particularly when the interfacial temper-
ature approaches the matrix glass transition temperature 
[16]. This phenomenon intensifies interlaminar stresses in 
CFRP and contributes to thrust-force-driven delamination. 

Experimental investigations of CFRP/Ti stacks report 
exit temperatures in the titanium layer ranging from ap-
proximately 182 °C to 356 °C, depending on cutting pa-
rameters [2]. Within this interval, titanium burr height in-
creased by about 56.6 %, confirming the strong tempera-
ture sensitivity of plastic deformation in Ti-6Al-4V. Sim-
ultaneously, matrix tensile damage variables in CFRP in-
creased significantly when the temperature rose from      
248 °C to nearly 300 °C, indicating progressive thermal 
degradation of the polymer matrix [2, 3]. These findings 
demonstrate that temperature is not merely a by-product of 
drilling but a governing variable influencing damage evo-
lution in both materials. 

Chip formation mechanisms further complicate pro-
cess mechanics. CFRP produces fragmented, brittle chips, 
whereas titanium produces continuous or segmented, duc-
tile chips with a strong tendency toward adhesion. Accu-
mulated titanium chips increase torque oscillation and ra-
dial force components, particularly at low cutting speeds 
and elevated feeds [16, 23]. Ultrasonic-assisted drilling has 
been shown to reduce thrust force by approximately          
23–27 % relative to conventional drilling and to decrease 
the delamination factor by 12–16 % through improved chip 
fragmentation and intermittent cutting [20]. These quanti-
tative outcomes confirm that the combined influence of 
mechanical loading, thermal accumulation, and chip evac-
uation efficiency governs drilling mechanics in stacks. 

Cutting speed predominantly governs thermal effects 
and adhesion phenomena during stack drilling. Across sev-
eral experimental studies, increasing cutting speed within 
typical industrial ranges (15–30 m/min for coated drills) 
reduced thrust force in titanium by approximately 10–15%, 
primarily due to thermal softening and reduced specific 
cutting energy [6]. However, the accompanying tempera-
ture increase modifies tool-chip interaction conditions. 

Measurements of drill temperature during Ti machin-
ing show that the peak temperature is concentrated near the 
drill center and increases markedly under dry conditions 
compared with compressed-air cooling [10]. 

Thermal sensitivity of titanium is further evidenced 
by cryogenic machining studies, which identified a transi-
tion zone near −60 °C where force direction and torque be-
havior changed due to altered material deformation char-
acteristics [18]. Although this result pertains to milling, it 
illustrates the strong dependence of Ti deformation behav-
ior on temperature state and supports the interpretation of 
speed-driven thermal effects in drilling. 

In CFRP layers, higher cutting speeds generally reduce 
thrust force and may reduce delamination at moderate feeds 
[3]. Nevertheless, when the temperature exceeds the matrix 
glass transition range, softening and resin smearing inten-
sify, potentially increasing subsurface damage [2]. Finite el-
ement method (FEM) simulations confirm that elevated in-
terface temperature correlates with increased burr formation 
in titanium and higher tensile damage variables in CFRP [2]. 
These observations indicate that cutting speed influences 
drilling performance through a thermally mediated trade-
off between force reduction and thermal degradation. 

Feed rate is consistently identified as the dominant 
factor affecting thrust force and delamination severity. Sta-
tistical analyses of CFRP/Ti drilling confirm that feed rate 
is the most influential parameter on thrust force, with de-
termination coefficients ranging from 0.87 to 0.90 in re-
gression models [6]. Increasing the feed from 0.025 to     
0.1 mm/rev resulted in substantial increases in thrust force 
and corresponding enlargement of delamination damage. 

In composite drilling studies, increasing feed from 0.1 
to 0.2 mm/rev reduced free-hole area preservation from ap-
proximately 99 % to 53 % under unfavorable speed condi-
tions, indicating severe exit damage [3]. Similar trends are 
reported in stack drilling, where elevated feed increased ti-
tanium burr height and composite delamination factors          
[2, 5]. These results confirm that feed rate directly controls 
undeformed chip thickness, axial force magnitude, and the 
distribution of contact stress. 

Tool wear progression also correlates with feed inten-
sity. Larger feed values increase normal load on cutting 
edges and accelerate flank wear development [9]. Under 
cryogenic conditions with coated drills, higher feed rates 
led to an approximately 11 % increase in adiabatic shear 
band thickness in titanium chips, indicating intensified lo-
calized deformation and more aggressive wear. Moreover, 
increased feed rate increases contact pressure and the fric-
tional area, promoting titanium adhesion and facilitating 
BUE formation [4, 10]. 

The combined influence of cutting speed and feed de-
termines the dominant damage mechanism and wear mode 
during drilling. Low cutting speed combined with high 
feed generally results in elevated thrust force and intensi-
fied adhesive wear, promoting unstable BUE accumulation 
[4]. Conversely, high speed at moderate feed reduces me-
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chanical loading but increases interface temperature, facil-
itating diffusion wear mechanisms and thermal matrix deg-
radation [9]. 

Multi-objective optimization studies confirm that bal-
anced parameter windows provide improved overall per-
formance. Analytical hierarchy process-based optimization 
simultaneously reduced axial force and surface roughness 
in CFRP/Ti drilling by selecting intermediate parameters 
[15]. Ultrasonic peck drilling further demonstrated thrust-
force reductions of up to 35% compared with conventional 
drilling under optimized conditions [19]. 

A comparative analysis with helical milling indicates 
that a distributed cutting load substantially modifies pa-
rameter sensitivity. Helical milling reduced thrust force in 
titanium from approximately 435 N to 117 N, correspond-
ing to a 73% reduction, thereby decreasing thermally in-
duced damage and improving dimensional stability [23]. 
Although this represents an alternative process, it under-
scores the central role of load distribution in determining 
how cutting parameters influence damage evolution. Key 
findings is summarized in Table 1. 

Hole accuracy in CFRP/Ti stack drilling is affected by 
the combined influence of thrust force magnitude, thermal 
expansion, adhesion-induced edge modification, and tool 
wear. Unlike monolithic materials, dimensional deviation 
in stacks emerges from the superposition of composite de-
lamination, titanium plastic flow, and temperature-driven 
geometric instability of the drill. 

Diameter deviation in stack drilling results from both 
mechanical deflection and thermal-adhesive effects. Ex-
perimental observations indicate that increasing the feed 
rate significantly increases thrust force, enhancing radial 
displacement of the drill and promoting overcut in titanium 
layers [3]. Statistical analyses confirm feed rate as the dom-
inant contributor to axial load variation, which directly in-
fluences dimensional stability [6]. 

Thermal effects further modify hole diameter. FEM 
analysis demonstrated that increasing the interface temper-
ature from ~182 °C to ~356 °C resulted in a pronounced 
increase in burr height and plastic deformation in titanium 
[2]. Since titanium has relatively low thermal conductivity, 
localized heat accumulation near the drill margin can cause 
transient thermal expansion of both the tool and the work-
piece, contributing to oversizing. 

Adhesion-related phenomena also affect diameter con-
sistency. Titanium build-up layer formation alters the ef-
fective cutting edge radius, thereby changing local cutting 
geometry and increasing dimensional scatter [4]. As adhe-
sion accumulates, cutting becomes intermittently unstable, 
promoting micro-variations in hole diameter. 

Roundness deviation in CFRP/Ti stacks is closely asso-
ciated with torque fluctuation and radial force asymmetry. 
Chip accumulation in titanium at low cutting speeds inten-
sifies torque oscillations and increases the drill’s dynamic 
instability [23]. Such oscillatory loading contributes to out-
of-roundness and localized wall irregularities. 

Table 1 – Key outcomes of investigation relevant for 
cutting parameters effect on the drilling process 

Reference Topic 
addressed Key conclusions 

Chen et al. 
[15] 

CFRP/Ti 
stack drill-
ing; force-
based opti-
mization 

Axial force decreases with in-
creasing spindle speed and in-
creases with feed rate. Multi-ob-
jective optimization indicates that 
parameter balancing is required 
to simultaneously control thrust 
force and surface roughness 

Shariar et 
al. [16] 

Thermo-
mechanical 
stress mod-
eling in 
composite 
drilling 

Thermally induced softening 
modifies contact pressure distri-
bution during tool engagement. 
Stress evolution is governed by 
temperature-dependent material 
properties rather than purely me-
chanical loading 

Zhaoju et 
al. [10] 

Drill tem-
perature 
distribution 
under dif-
ferent cool-
ing meth-
ods 

Peak temperature localizes near 
the drill center. Increasing the 
cutting speed increases the ther-
mal load, whereas higher feed 
rates above ∼ 0.13 mm/rev reduce 
temperature due to enhanced chip 
evacuation. Compressed air cool-
ing improves temperature uni-
formity 

Moran et 
al. [20] 

Ultrasonic-
assisted 
drilling 
(UAD) of 
CFRP/Ti 

UAD stabilizes thrust force, im-
proves chip fragmentation, and 
reduces adhesive transfer to the 
tool compared to conventional 
drilling 

Gururaj et 
al. [24] 

Drilling vs 
helical 
milling 
(dry) 

Helical milling reduces mechani-
cal and thermal loading, improv-
ing surface roughness and subsur-
face microhardness while miti-
gating adhesion and wear 

 
Step drilling strategies reduce peak thrust and improve 

hole stability; however, repeated engagement may intro-
duce cyclic thermomechanical variations that affect cylin-
dricity at elevated feeds [5]. Ultrasonic-assisted drilling re-
duces radial force magnitude and improves hole geometry 
by decreasing chip packing, yet the improvement remains 
parameter-sensitive [20]. The reduction of thrust force 
through distributed load strategies, such as helical milling, 
resulted in significantly improved dimensional stability 
compared to conventional drilling, supporting the interpre-
tation that load concentration directly affects geometric ac-
curacy. 

Drill wandering at the hole entry is primarily governed 
by thrust force magnitude and composite anisotropy. Feed 
increase intensifies axial force, elevating entry delamina-
tion and potentially shifting drill alignment during initial 
penetration [3]. Thermal softening of the CFRP matrix at 
elevated interface temperatures further reduces local stiff-
ness, increasing susceptibility to entry instability [2]. 

Temperature concentration near the drill center also in-
fluences positional stability. Experimental temperature 
measurements revealed peak thermal zones at the chisel 
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edge region under dry conditions [10]. Such thermal gradi-
ents can asymmetrically modify contact stiffness, potentially 
contributing to slight angular deviation during drilling. 

Although assisted technologies reduce thrust magni-
tude, they do not fully eliminate positional deviation when 
feed remains high [19, 20], indicating that mechanical 
loading remains the principal driver of drill runout. Key 
finding are summarized in Table 2. 

 
Table 2 – Analysis of process parameters affecting 

hole accuracy and quality 

Reference Topic 
addressed Key conclusions 

Li F. et al. 
[19] 

Ultrasonic 
peck drilling 
(UPD) of 
CFRP/Ti lam-
inates 

UPD achieves hole diameter 
within H9 tolerance and re-
duces CFRP hole roughness 
compared to conventional and 
standard ultrasonic drilling. 

Chen C. et 

al. [5] 

Variable-
parameter 
stack drilling 

Layer-specific adjustments to 
speed and feed reduce exit de-
lamination and burr formation, 
improving the geometric sta-
bility of the drilled hole. 

Chen et al. 
[2] 

Thermal influ-
ence on exit 
deformation 

Increasing the exit tempera-
ture significantly enhances ti-
tanium plastic deformation, 
resulting in greater burr for-
mation and distortion at the 
hole exit. 

Gururaj et 
al. [24] 

Helical mill-
ing vs conven-
tional drilling 

Reduced load concentration in 
helical milling improves di-
mensional stability and miti-
gates geometric distortion of 
hole walls. 

Influence of Cutting Parameters on Surface Quality 
and Surface Integrity 

Surface quality in CFRP/Ti stack drilling is governed 
by the coupled effects of thrust force magnitude, interface 
temperature, chip-wall interaction, and tool condition. Un-
like monolithic drilling, surface integrity in stacks must be 
evaluated separately for the CFRP and titanium layers, as 
the governing mechanisms differ substantially. 

Surface roughness in titanium layers is strongly de-
pendent on the feed rate, as it is directly related to the un-
deformed chip thickness and the theoretical surface profile. 
Statistical analysis confirmed feed rate as the dominant pa-
rameter influencing thrust force and, consequently, surface 
roughness in CFRP/Ti drilling [6]. Increasing feed leads to 
higher axial load and increased ploughing at the margin re-
gion, producing rougher hole walls. 

Cutting speed influences roughness indirectly 
through thermal effects. At moderate speeds, thermal sof-
tening reduces cutting resistance and may improve surface 
finish. However, excessive temperature intensifies adhe-
sion and the formation of a built-up layer, altering the ef-
fective cutting edge radius and introducing irregular sur-
face morphology [4, 10]. Experimental temperature meas-
urements revealed peak thermal concentration near the drill 

center, particularly under dry conditions, increasing adhe-
sion tendency [10]. 

Ultrasonic-assisted drilling reduced thrust force and 
improved chip evacuation, resulting in a better surface fin-
ish than conventional drilling[20]. Nevertheless, improve-
ments remained sensitive to feed magnitude, indicating 
that mechanical loading still governs roughness formation. 

Helical milling experiments demonstrated a substan-
tially reduced thrust force (~73% lower than conventional 
drilling), which correlated with improved surface finish 
and reduced wall irregularities [23]. This supports the in-
terpretation that load distribution and mechanical stability 
are critical for surface integrity. 

Surface integrity in CFRP is not limited to roughness 
but includes subsurface matrix cracking, fiber pull-out, and 
interlaminar damage. FEM analysis revealed that an in-
crease in interface temperature from approximately 248 °C 
to 299 °C significantly amplified tensile damage variables 
in the composite layer [2]. Since polymer matrix properties 
degrade rapidly above Tg, cutting speed becomes a critical 
thermal control parameter. 

Feed rate amplifies interlaminar stresses by increasing 
thrust force, directly intensifying peel-up and push-out 
damage. Composite drilling studies confirm that higher 
feed values significantly reduce free-hole area preserva-
tion, reflecting increased subsurface damage severity [3]. 

The combination of high feed and elevated temperature 
results in the most severe integrity degradation, due to sim-
ultaneous mechanical overload and matrix softening. As-
sisted technologies (ultrasonic or cryogenic) reduce me-
chanical load or temperature but do not eliminate parame-
ter sensitivity[12, 19, 20]. 

Burr formation in titanium layers is strongly tempera-
ture-dependent. FEM-based analysis reported that increas-
ing exit temperature from ~182 °C to ~356 °C increased 
burr height by approximately 56.6% [2]. This indicates that 
cutting speed–induced thermal accumulation directly gov-
erns plastic deformation behavior at hole exit. 

Feed rate also contributes to burr formation by increas-
ing plastic strain at the exit zone. Higher undeformed chip 
thickness promotes larger deformation volume before chip 
separation, intensifying burr size [6]. 

Cryogenic and hybrid cooling strategies reduce inter-
face temperature and modify plastic flow behavior, but 
their effectiveness depends on maintaining moderate feed 
levels [12, 18]. Adhesion phenomena further aggravate 
burr irregularity; the formation of a titanium build-up layer 
alters edge sharpness and increases surface tearing at the 
exit [4] (Table 3). 

Tool wear evolution in CFRP/Ti stack drilling is gov-
erned by the combined action of abrasive interaction in the 
composite layer and adhesive-diffusive mechanisms in the 
titanium layer. The abrupt transition between materials 
with contrasting thermal conductivity, hardness, and chem-
ical reactivity results in complex wear patterns, often char-
acterized by flank wear, adhesion layers, and unstable BUE 
formation. 

64



p-ISSN 1607-6885 Нові матеріали і технології в металургії та машинобудуванні. 2026/2 
e-ISSN 2786-7358 New materials and technologies in metallurgy and mechanical engineering. 2026/2 

 
 

   

© Vitalii Kolesnyk, Oleksandr Berezniak, 2026 

  DOI 10.15588/1607-6885-2026-2-7 

 

Table 3 – Analysis of process parameters effecting hole 
quality and surface integrity 

Reference Topic addressed Key conclusions 

Yu et al. 
[1] 

Temperature field 
and drilling dam-
age in composites 

Dynamic temperature 
field correlates with drill-
ing-induced microstruc-
tural damage and wall sur-
face defects in fiber-rein-
forced composites 

Zhaoju et 
al. [10] 

Temperature dis-
tribution and cool-
ing strategies 

Elevated cutting speed in-
creases thermal concen-
tration near the drill cen-
ter, promoting adhesion 
risk and surface instabil-
ity; improved cooling re-
duces peak temperature 
and thermal gradients 

Moran et 
al. [20] 

Ultrasonic-assisted 
drilling 

Intermittent cutting im-
proves wall morphology 
and reduces adhesive 
transfer compared to con-
ventional drilling 

Joy et al.  
[4] 

Adhesion layer 
formation in stack 
drilling 

Adhesion layer formation 
is influenced by drill ge-
ometry and contributes to 
surface irregularity in 
stack materials 

 
Tool wear evolution in CFRP/Ti stack drilling is gov-

erned by the combined action of abrasive interaction in the 
composite layer and adhesive-diffusive mechanisms in the 
titanium layer. The abrupt transition between materials 
with contrasting thermal conductivity, hardness, and chem-
ical reactivity results in complex wear patterns, often char-
acterized by flank wear, adhesion layers, and unstable BUE 
formation. 

Feed rate directly governs undeformed chip thickness 
and contact pressure along the cutting edge, thereby influ-
encing flank wear progression. Statistical analysis in 
CFRP/Ti drilling confirms feed rate as the most significant 
parameter affecting thrust force and mechanical loading 
[6]. Increased feed intensifies normal stress at the tool-
workpiece interface, accelerating abrasive wear in the 
CFRP layer and adhesive wear in titanium. 

Composite drilling studies indicate that higher feed in-
creases thrust force and delamination severity [3], which indi-
rectly affects tool wear by increasing mechanical resistance 
during penetration. Elevated feed also promotes thicker adia-
batic shear bands in titanium chips under cryogenic condi-
tions, indicating intensified localized deformation and higher 
stress concentration at the cutting edge [9]. 

Therefore, feed rate primarily controls mechanical 
wear intensity and contributes to edge degradation through 
increased ploughing and frictional contact. 

Cutting speed influences tool wear predominantly 
through temperature-dependent mechanisms. Temperature 
measurements reveal that increasing cutting speed elevates 
peak temperature near the drill center, particularly under 

dry conditions [10]. Elevated interface temperature pro-
motes adhesion of titanium to the tool surface and acceler-
ates coating degradation. 

Thermal modeling demonstrates that exit temperature 
may reach approximately 356 °C under certain conditions 
[2], indicating sufficient thermal activation for diffusion-
assisted wear processes. Cryogenic machining studies con-
firm that altering thermal regime significantly modifies de-
formation behavior in titanium [18], implying that wear 
mechanisms transition depending on temperature state. 

Under cryogenic cooling with coated tools, wear 
mechanisms shift depending on thermal conditions and 
feed intensity [9]. This suggests that cutting speed must be 
interpreted in conjunction with thermal control strategy 
when evaluating wear progression. 

BUE formation in stack drilling is primarily associ-
ated with titanium adhesion. Adhesive transfer modifies 
the effective cutting edge radius and alters local cutting ge-
ometry, resulting in force instability and accelerated wear 
[4]. Energy-dispersive spectroscopy in ultrasonic-assisted 
drilling confirmed reduced titanium transfer onto the tool 
compared to conventional drilling, indicating that mechan-
ical vibration can mitigate adhesion [20]. 

Temperature concentration near the chisel edge re-
gion increases adhesion probability [10]. At elevated ther-
mal conditions, titanium softens and adheres more readily 
to tool surfaces, facilitating unstable BUE formation. 

Helical milling under dry conditions demonstrated re-
duced adhesion and improved wear stability due to distrib-
uted load and lower thermal concentration [23], supporting 
the interpretation that mechanical load intensity and ther-
mal accumulation jointly govern adhesion-driven wear. 

The interaction between feed and cutting speed deter-
mines the dominant wear regime. High feed combined with 
low speed intensifies mechanical loading, promoting abra-
sive and adhesive wear. Increasing cutting speed reduces 
mechanical resistance but elevates temperature, which may 
accelerate diffusion wear and coating degradation                   
[2, 9, 10]. 

Cooling strategy modifies this interaction. Com-
pressed air reduces peak temperature compared to dry drill-
ing, while ultrasonic assistance reduces adhesion and sta-
bilizes wear progression [20]. However, parameter sensi-
tivity remains pronounced even under assisted conditions 
(Table 4). 

The influence of feed rate on CFRP/Ti stack drilling ex-
tends beyond simple force amplification and represents the 
primary mechanical driver of process instability. Increasing 
feed enlarges undeformed chip thickness and elevates contact 
pressure along the cutting edge, resulting in higher thrust force 
[6]. Elevated thrust intensifies interlaminar stresses in the 
composite layer and increases the severity of entry and exit 
delamination. At the same time, increased normal and radial 
stresses at the drill margin accelerate abrasive wear in the 
CFRP layer and adhesive wear in the titanium layer. 

 
 

65



p-ISSN 1607-6885 Нові матеріали і технології в металургії та машинобудуванні. 2026/2 
e-ISSN 2786-7358 New materials and technologies in metallurgy and mechanical engineering. 2026/2 

 
 

   

© Vitalii Kolesnyk, Oleksandr Berezniak, 2026 

  DOI 10.15588/1607-6885-2026-2-7 

 

Table 4 – Effect of cutting parameters on wear rate 
and built-edge formation 

Reference Topic 
addressed Key conclusions 

Sam-
sudeensad-
ham S. et al. 
[6] 

Statistical in-
fluence of pa-
rameters on 
drilling perfor-
mance 

Feed rate significantly in-
creases thrust force and ac-
celerates mechanical wear 
progression. Moderate cut-
ting speed reduces force but 
intensifies thermal exposure 
of the cutting edge 

Chen et al. 
[2] 

Thermal dam-
age modeling 

An elevated exit tempera-
ture (up to ~356 °C) pro-
motes plastic deformation in 
titanium and increases the 
risk of thermally activated 
wear mechanisms 

Zhaoju Z. 
Et al. [10] 

Drill tempera-
ture distribu-
tion 

A peak temperature local-
ized near the drill center in-
creases the probability of ad-
hesion. Dry drilling condi-
tions exacerbate thermal 
load and wear risk 

Sharma P. 
[9] 

Coated tool 
wear under 
cryogenic 
conditions 

Wear mechanism transitions 
depend on thermal regime 
and feed intensity; increased 
feed enhances localized 
shear deformation and flank 
wear progression 

Jebaratnam 
Joy, M. [4] 

Adhesion layer 
formation in 
stack drilling 

Adhesion layer formation 
modifies cutting edge geom-
etry and contributes to wear 
instability, which is influ-
enced by tool geometry and 
contact conditions 

Moran, X., 
et al. [20] 

Ultrasonic-as-
sisted drilling 

Reduced titanium transfer to 
the tool surface under ultra-
sonic assistance indicates a 
reduction in adhesion-
driven wear compared to 
conventional drilling 

Hiremath, 
A. [23] 

Helical milling 
and wear be-
havior 

Distributed load and re-
duced thermal concentration 
mitigate adhesion and im-
prove wear stability under 
dry conditions 

Yang D. 
[18] 

Thermal 
regime in Ti 
machining 

The deformation behavior of 
titanium is temperature-de-
pendent because of its ther-
mal state, which affects 
plastic flow and, conse-
quently, the activation of the 
wear mechanism 

(Khashaba 
& 
Mashhour, 
2026) 

Feed influence 
on drilling 
damage 

Higher feed rates increase 
mechanical loading and, in 
turn, intensify tool wear 
through higher thrust force 
and resistance 

 
In titanium, greater plastic strain accumulation before 

chip separation enhances burr formation and exit defor-
mation [2]. This deformation alters the hole geometry and 

contributes to dimensional deviation. Consequently, me-
chanical load intensification initiated by feed rate simulta-
neously affects geometric stability, surface integrity, and 
wear progression. The mechanical component of the pro-
cess therefore, acts as the initiating factor in the coupled 
degradation sequence. 

Cutting speed primarily influences drilling perfor-
mance through its effect on temperature evolution. Exper-
imental measurements indicate that peak temperature is 
concentrated near the drill center and increases with spin-
dle speed under dry conditions [10]. Numerical analysis 
shows that the interface temperature may reach approxi-
mately 356 °C, significantly increasing the titanium burr 
height and composite tensile damage variables [2]. 

At elevated temperature, the polymer matrix in CFRP 
softens, reducing stiffness and increasing susceptibility to 
thermally assisted cracking. In titanium, enhanced plastic 
flow at high temperatures intensifies exit deformation and 
promotes unstable chip formation. Thermal accumulation 
also increases the probability of adhesion between titanium 
and the cutting tool surface [4, 25]. Thus, temperature does 
not independently initiate instability but amplifies mechan-
ically induced degradation by modifying material proper-
ties and interfacial conditions. 

Adhesion and built-up edge formation constitute the 
critical link between tool wear and hole quality. The depo-
sition of adhered titanium on the cutting edge increases the 
effective edge radius and alters rake and clearance geome-
try. This geometric alteration alters local cutting mechan-
ics, leading to fluctuating force responses and unstable ma-
terial removal conditions. Surface roughness increases due 
to intermittent tearing during adhesion-detachment cycles, 
while dimensional consistency deteriorates as variations in 
cutting-edge geometry introduce irregular cutting behavior. 

Repeated adhesion and removal events accelerate 
wear progression through cyclic mechanical loading and 
coating degradation. As wear progresses, contact condi-
tions continue to change, further reinforcing adhesion ten-
dency and geometric instability. Ultrasonic assistance re-
duces adhesive transfer compared to conventional drilling, 
demonstrating that adhesion is sensitive to mechanical vi-
bration; however, adhesion dynamics remain dependent on 
feed-speed interaction and thermal state [20]. 

The reviewed studies collectively indicate that 
CFRP/Ti stack drilling operates as a coupled thermo-me-
chanical feedback system. Feed rate affects the mechanical 
load intensity and determines the magnitude of the thrust 
force. Cutting speed controls the thermal state and modifies 
deformation behavior in both the composite and the tita-
nium layers. Adhesion influences tool geometry, which in 
turn affects force response and accelerates wear evolution. 
Progressive wear further modifies contact mechanics, rein-
forcing dimensional instability and surface irregularity. 

Process modification strategies, such as helical milling, 
redistribute mechanical loads and reduce localized thermal 
concentration, improving surface finish and stabilizing wear 
progression [23]. Ultrasonic and peck drilling reduce peak 
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thrust or temperature under optimized conditions [19, 20], 
yet the fundamental coupling between mechanical loading, 
thermal accumulation, adhesion formation, and geometric 
stability persists. These observations confirm that drilling 
performance in CFRP/Ti stacks cannot be optimized by ad-
dressing individual quality metrics in isolation (Table 5). 

 

Table 5 –Summarizing troubleshooting evaluation 
Process 
variable Mechanism Consequence 

Increased feed 
rate 

Higher unde-
formed chip 
thickness and 
contact pressure 

Increased thrust 
force, intensified de-
lamination, and ac-
celerated flank wear 
progression 

Increased 
cutting speed 

Elevated 
interface 
temperature 

Matrix softening, 
enhanced titanium 
plastic flow, and in-
creased adhesion 
tendency 

Elevated 
temperature 

Thermally acti-
vated plastic de-
formation in Ti 

Burr height increase 
(∼56.6 %) and exit 
deformation 

Adhesion 
formation 

Modification of 
cutting-edge ge-
ometry due to ti-
tanium transfer 

Surface irregularity, 
dimensional instabil-
ity, accelerated wear 
through adhesion–
detachment cycles 

Load 
redistribution 
(helical 
milling) 

Reduced me-
chanical and ther-
mal concentration 

Improved surface 
finish and wear sta-
bility 

Ultrasonic 
assistance 

Intermittent cut-
ting and reduced 
adhesive transfer 

Lower thrust force 
and improved wall 
morphology 

 
The reviewed literature demonstrates substantial pro-

gress in understanding individual aspects of CFRP/Ti stack 
drilling, including thrust force evolution, temperature dis-
tribution, surface damage, and tool wear behavior. How-
ever, despite this advancement, several critical research 
gaps remain, particularly concerning the integrated influ-
ence of cutting parameters on tool wear and built-up edge 
formation. 

First, most studies investigate force development or 
temperature evolution independently of progressive tool 
wear. Statistical analyses identify feed rate as a dominant 
contributor to thrust force variation [3, 6], while thermal 
modeling highlights the significant influence of cutting 
speed on temperature rise and burr formation [2, 10]. Nev-
ertheless, systematic correlation between parameter-in-
duced thermal states and long-term wear evolution in 
CFRP/Ti stacks remains limited. Existing investigations 
often evaluate wear at discrete parameter combinations 
without establishing continuous wear-parameter interac-
tion models. 

Second, adhesion and BUE formation are typically 
examined qualitatively or as secondary observations rather 
than as primary process variables. Although evidence indi-

cates that titanium adhesion modifies the cutting edge ge-
ometry and influences surface integrity[4, 20], the dynamic 
evolution of BUE under varying feed-speed combinations 
has not been sufficiently quantified in stack-drilling condi-
tions. In particular, the interaction between elevated tem-
perature, mechanical load, and adhesion stability in alter-
nating CFRP/Ti cutting remains insufficiently character-
ized. 

Third, geometric accuracy and dimensional deviation 
are rarely linked directly to tool wear progression. While 
studies report improvements in hole tolerance under ultra-
sonic or optimized drilling strategies [19], the coupling be-
tween progressive flank wear, adhesion-induced edge 
modification, and hole diameter consistency has not been 
systematically modeled. As a result, predictive capability 
for dimensional stability during long drilling sequences re-
mains limited. 

Fourth, most modeling approaches address either 
thermo-mechanical stress distribution [16] or temperature 
evolution, but few frameworks integrate wear kinetics and 
adhesion dynamics into unified predictive models. The ab-
sence of integrated thermo-mechanical-tribological model-
ing restricts the development of robust optimization strate-
gies capable of simultaneously controlling force, tempera-
ture, wear, and geometric stability [2]. 

Furthermore, process-assistance strategies such as ul-
trasonic drilling and helical milling mitigate thrust force 
and adhesion intensity [20, 23]. Yet, their long-term impact 
on the transition of the wear modes under varying cutting 
parameters has not been comprehensively evaluated. Com-
parative studies often focus on short drilling intervals and 
do not fully assess progressive edge degradation and its 
feedback on dimensional accuracy. 

Overall, the current body of literature reflects frag-
mentation between mechanical, thermal, tribological, and 
geometric perspectives. Integrated investigations that sim-
ultaneously analyze cutting parameter selection, tool wear 
evolution, built-up edge formation, and hole quality met-
rics in CFRP/Ti stacks remain scarce. This limitation con-
strains both mechanistic understanding and industrial pro-
cess optimization. 

Future research should therefore focus on developing 
unified experimental and modeling frameworks that can 
couple mechanical loading, temperature evolution, adhe-
sion dynamics, and wear progression. Particular attention 
should be devoted to quantifying the interaction between 
cutting parameters and built-up edge stability over ex-
tended drilling cycles, as well as to establishing predictive 
relationships between wear state and dimensional devia-
tion. Such integrated approaches are essential for achieving 
reliable, reproducible hole quality in multi-material stack 
drilling, where thermomechanical coupling governs over-
all process stability. 

Discussion 
Overall, available quantitative evidence demonstrates 

that cutting parameters govern drilling performance 
through coupled thermo-mechanical mechanisms. Cutting 
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speed primarily controls temperature-dependent adhesion 
and diffusion phenomena, whereas feed rate dictates me-
chanical loading intensity and delamination propensity. 
Their interaction shifts the balance between adhesive, abra-
sive, and diffusion wear modes, establishing the mechanis-
tic foundation for tool wear evolution and built-up edge 
formation, which are examined in subsequent sections. 

Across the reviewed literature, feed rate consistently 
emerges as the primary parameter influencing dimensional 
accuracy by controlling thrust force and radial load. Cut-
ting speed influences hole geometry indirectly by altering 
thermal conditions, which in turn affect plastic defor-
mation in titanium and the matrix stiffness in CFRP. Ad-
hesion and built-up layer formation introduce additional 
geometric variability by modifying tool edge geometry. 
Therefore, dimensional deviation in CFRP/Ti drilling can-
not be attributed to a single parameter but results from the 
coupled interaction of mechanical load, thermal expansion, 
and adhesion-driven instability. 

Surface quality in CFRP/Ti drilling emerges from the 
interaction between mechanical loading and temperature 
evolution. Feed rate primarily governs roughness ampli-
tude and composite subsurface damage by controlling 
thrust force and contact pressure. Cutting speed modulates 
surface integrity via thermal mechanisms that influence 
matrix softening in CFRP and plastic flow in titanium. Ad-
hesion and built-up layer formation introduce additional ir-
regularity by modifying the tool geometry. Therefore, sur-
face quality cannot be optimized by isolated parameter ad-
justment. Instead, balanced speed-feed combinations are 
required to control both mechanical and thermal contribu-
tions to surface degradation.  

Coupled mechanical and thermal effects govern tool 
wear and built-up edge formation in CFRP/Ti drilling. 
Feed rate controls contact pressure and mechanical stress 
intensity, accelerating abrasive and adhesive wear. Cutting 
speed influences temperature-dependent adhesion and dif-
fusion mechanisms. Built-up edge formation arises primar-
ily from titanium adhesion and is amplified under elevated 
temperature and mechanical load. Consequently, wear evo-
lution cannot be described solely by kinematic parameters; 
it must be interpreted through the thermomechanical inter-
actions among cutting speed, feed, and the thermal control 
strategy. 

The majority of existing investigations analyze thrust 
force, temperature, wear, or damage parameters separately. 
Integrated studies that simultaneously correlate cutting pa-
rameter selection with wear progression, adhesion dynam-
ics, and dimensional deviation remain limited. The frag-
mentation of current approaches restricts predictive capa-
bility and constrains the development of unified optimiza-
tion frameworks. Therefore, further research should focus 
on integrated thermo-mechanical models that explicitly 
couple cutting parameters with tool wear evolution and 
built-up edge formation while accounting for their com-
bined influence on hole accuracy and surface integrity. 

 

Conclusions 
This review analyzed the influence of cutting param-

eters on drilling performance in CFRP/Ti alloy stacks with 
emphasis on hole accuracy, surface integrity, tool wear, 
and built-up edge formation. Based on the synthesized lit-
erature, the following conclusions can be drawn. 

1. The analysis of drilling mechanics shows that feed 
rate is the primary mechanical driver of thrust force, while 
cutting speed predominantly influences the thermal state of 
the drilling zone. Mechanical loading governs delamina-
tion severity and contact pressure at the tool-workpiece in-
terface, whereas temperature amplification modifies defor-
mation behavior and adhesion tendency. The interaction 
between these parameters defines the fundamental thermo-
mechanical response of the stack system. 

2. The evaluation of hole accuracy indicates that ge-
ometric stability is strongly affected by thrust force magni-
tude and temperature-induced plastic deformation in tita-
nium. Elevated feed increases delamination and radial in-
stability, while high interface temperature promotes burr 
growth and exit deformation. However, quantitative stud-
ies directly correlating wear progression with dimensional 
deviation remain limited. 

3. The combined action of mechanical stress and 
thermal accumulation governs surface quality and integ-
rity. Feed-driven load intensification increases ploughing 
effects and composite subsurface damage, whereas cutting-
speed-induced temperature rise accelerates matrix soften-
ing and titanium plastic flow. Adhesion and built-up edge 
formation introduce additional instability by altering cut-
ting geometry and increasing surface irregularity. 

4. Coupled mechanical and thermal mechanisms 
control tool wear and built-up edge formation. Feed rate 
intensifies contact stress and accelerates flank wear, while 
cutting speed elevates interface temperature and promotes 
adhesion-driven wear processes. Built-up edge formation 
represents a transitional mechanism linking wear progres-
sion with geometric and surface instability, particularly un-
der elevated thermal conditions. 

5. The integrated analysis confirms that CFRP/Ti 
stack drilling operates as a coupled thermo-mechanical 
feedback system. Cutting parameters influence not only 
force and temperature independently but also adhesion sta-
bility, wear evolution, and dimensional consistency 
through cyclic interaction mechanisms. Optimization strat-
egies that address isolated performance metrics are there-
fore insufficient to ensure stable drilling performance. 

6. Despite significant advances in modeling and ex-
perimental investigation, the literature remains frag-
mented. Few studies simultaneously correlate cutting pa-
rameter selection with wear evolution, adhesion dynamics, 
and dimensional deviation under extended drilling condi-
tions. The development of unified thermo-mechanical–
tribological models capable of predicting tool wear pro-
gression and built-up edge formation in relation to cutting 
parameters remains an open research challenge. 
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Further research should focus on integrated experi-
mental methodologies and predictive modeling frame-
works that couple mechanical load intensity, thermal evo-
lution, adhesion stability, and progressive wear mecha-
nisms. Such approaches are essential for improving pro-
cess reliability and achieving consistent hole quality in 
multi-material stack drilling applications. 
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Мета роботи. Систематизувати та узагальнити результати досліджень щодо впливу режимів різання 
під час свердління пакетів вуглепластик/титановий сплав на точність отворів, якість обробленої поверхні, ін-
тенсивність зношування різального інструменту та утворення наросту на ріжучій кромці. 

Методи дослідження. Використано порівняльно-параметричний аналіз впливу подачі та швидкості рі-
зання на осьову силу свердління, температуру у зоні різання, інтенсивність розшарування композиційного мате-
ріалу, висоту заусенця у шарі титанового сплаву, параметри шорсткості поверхні та інтенсивність зношу-
вання інструменту. Узагальнено результати експериментальних досліджень і числового моделювання з сучас-
них наукових публікацій для встановлення причинно-наслідкових зв’язків між режимами різання, термомеханіч-
ними процесами у зоні різання та показниками якості отворів. 

Отримані результати. Встановлено, що подача є основним фактором механічного навантаження під час 
свердління та визначає інтенсивність розшарування вуглепластику. Швидкість різання переважно впливає на 
температуру у зоні різання та адгезійні явища у титановому сплаві. Показано, що утворення наросту та адге-
зійне перенесення матеріалу на ріжучу кромку змінюють її мікрогеометрію, спричиняють зростання осьових 
сил, погіршення точності отворів і зниження стабільності процесу свердління. 

Наукова новизна. Обґрунтовано інтегрований підхід до оцінювання процесу свердління пакетів вуглеплас-
тик/титановий сплав як єдиної термомеханічної системи, у якій режими різання, розвиток зношування інстру-
менту та утворення наросту розглядаються як взаємопов’язані чинники переходу між абразивним, адгезійним 
і дифузійним механізмами зношування. 

Практична цінність. Отримані узагальнення можуть бути використані для визначення напрямів подаль-
ших досліджень, підвищення ресурсу різального інструменту, стабілізації процесу свердління та оптимізації 
режимів різання. 

Ключові слова: свердління, пакет вуглепластик/титановий сплав, режими різання, розшарування, наріст, 
зношування інструменту, термомеханічна взаємодія, порівняльно-параметричний аналіз. 
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RESEARCH OF THE EFFECT OF RAM AIR BOOSTING ON THE 
PERFORMANCE OF AN INTERNAL COMBUSTION ENGINE 

Purpose. To investigate the influence of gas exchange parameters, in particular ram air boosting, on the indicated 
and effective performance of a four-stroke spark-ignition internal combustion engine using the high-performance 
engine of the Kawasaki Ninja ZX-10R motorcycle as a case study. 

Research methods. A combination of theoretical and analytical-calculation methods was employed. The 
magnitude of ram air boosting was analyzed by determining the dynamic air pressure as a function of vehicle speed 
within the range of 0–300 km/h. A thermodynamic cycle calculation of the spark-ignition engine operating at the rated 
condition was performed using the Engine Calculation software environment. The analysis was carried out for both 
naturally aspirated conditions and with ram air boosting, taking into account variations in intake pressure, charge 
density, cyclic air and fuel mass, as well as the thermodynamic state of the working charge at the beginning of the 
cycle. 

Results. It has been established that with increasing vehicle speed, the dynamic air pressure rises according to a 
quadratic relationship and exceeds 4 kPa at speeds above 300 km/h. This results in an increase in intake pressure, a 
higher mass of air per cycle, and a corresponding increase in fuel supply. Consequently, the engine effective power 
increases by up to 4.2%, while average effective pressure shows a similar rise. At the same time, the indicated and 
effective thermal efficiencies, as well as the specific fuel consumption, remain practically unchanged. It has been found 
that the increase in engine power is primarily due to the increased mass of the working charge in the cylinder, whereas 
the main gas exchange coefficients exhibit only minor variations. 

Scientific novelty. A methodology has been developed for evaluating the effect of ram air boosting on the 
indicated and effective performance of a spark-ignition internal combustion engine, taking into account variations in 
gas exchange parameters and intake conditions. The proposed approach enables a quantitative assessment of power 
gain as a function of vehicle speed. 

Practical value. The proposed methodology and obtained results can be applied in the design and optimization of 
intake systems for high-speed vehicles, including motorcycles, sports cars, and aircraft, as well as in the modernization 
of existing engines to enhance their power output without significant structural complexity. 

Key words: internal combustion engine, gas exchange, ram air boosting, intake system, dynamic pressure, 
effective power. 

 

Introduction 

The use of internal combustion engines (ICE) as a 
power source for various types of machinery has both 
advantages and disadvantages. The advantages include 
compactness of the power unit, high specific power 
output, ease of refueling, and relatively long driving 
range. The primary disadvantages are associated with 
environmental     impact,  namely  the   harmful emissions  

 
resulting from fuel combustion and the pollution of the 
environment by combustion products. In addition, a 
vehicle is a source of vibroacoustic and electromagnetic 
emissions [1]. 

The main trends in the development and 
improvement of ICEs over recent decades have been 
focused on enhancing fuel and lubricant efficiency, 
increasing reliability, reducing exhaust emissions, 
improving the level of automation and diagnostic 

72



p-ISSN 1607-6885 Нові матеріали і технології в металургії та машинобудуванні. 2026/2 
e-ISSN 2786-7358 New materials and technologies in metallurgy and mechanical engineering. 2026/2 

 
 

   
© Natalya Yevsyeyeva, Roman Sukhonos, Natalya Ryaboshapka, 
    Vladyslav Timoshenko, 2026 

  
DOI 10.15588/1607-6885-2026-2-8 

 

capabilities, and decreasing mass and overall dimensions. 
These parameters determine the technological 
advancement and competitiveness of various applications 
(automobiles, motorcycles, marine vessels, locomotives, 
power generators, etc.), as well as the efficient utilization 
of key operating materials (lubricants, fuels, metals, etc.) 
and the associated maintenance and repair costs [2–4]. 

There are numerous approaches to improving the 
performance of internal combustion engines, which can 
be achieved by optimizing the operation of various 
subsystems. In the absence of boosting devices (such as 
superchargers or turbochargers), an internal combustion 
engine is referred to as naturally aspirated. One of the 
methods to increase the amount of air supplied to the 
intake system in such engines is the application of ram air 
boosting. 

Analysis of research and publications  

There are numerous methods for improving specific 
performance parameters of ICEs; however, each of them 
has certain drawbacks, such as complexity, cost, and 
reduced reliability. The possibilities for boosting ICEs 
installed on motorcycles are significantly limited. In 
addition to the conventional requirements of fuel 
efficiency, reliability, and environmental performance, 
rather strict constraints are also imposed on mass and 
dimensional characteristics. 

Thus, one of the most obvious ways to increase ICE 
power – namely, the use of mechanical supercharging 
(supercharger) or gas-turbine boosting (turbocharger) – 
becomes complicated or even impractical. However, ram 
air boosting systems exhibit a certain level of 
effectiveness. Their efficiency is limited; however, their 
use in high-speed motorcycles does not lead to a 
significant increase in mass, and such systems are most 
effective at high vehicle speeds [5]. In contrast to 
“conventional” boosting systems (with superchargers or 
turbochargers), ram air systems have been less studied in 
the scientific literature; therefore, the research topic is 
relevant. 

Ram air boosting systems have been widely used in 
aviation since the emergence of aircraft capable of 
reaching significant speeds (above 140–160 km/h), and 
later in high-speed automobiles (e.g., Ford Fairlane 
Thunderbolt, Porsche Panamera GTS) and motorcycles 
(Kawasaki ZX-11). The effectiveness of ram air boosting 
in passenger cars is limited due to the large length and 
significant curvature of intake ducts. 

In motorcycles, the air intake is installed in the front 
part of the vehicle body, within the fairing. According to 
the study conducted by the authors [6], the increase in 
intake system pressure due to ram air boosting in a high-
speed motorcycle is about 4 kPa. The best results 
(maximum pressure increase) are obtained with maximum 
smoothing of the intake duct, which has no sharp corners 
or abrupt bends. 

According to data from [7, 8], the intake pressure of 
passenger car ICEs increases by 3–6 kPa at vehicle speeds 
of about 200 km/h. 

Based on the analysis of sources [5, 9–12], it can be 
concluded that the implementation of ram air boosting 
requires: 

- the presence of dynamic pressure (incoming 
airflow); 

- a properly designed and optimally positioned air 
intake. 

Purpose 

The purpose of this work is to research the influence 
of gas exchange parameters on the indicated and effective 
performance of a four-stroke spark-ignition engine with 
ram air boosting, using the engine of the Kawasaki Ninja 
ZX-10R motorcycle as an example. 

To achieve this objective, the following tasks were 
solved: 

- determination of the main parameters 
characterizing intake gas exchange processes; 
consideration of the main structural elements of the intake 
system; analysis of aspects related to the application of 
the ram air effect to improve ICE performance; review of 
existing methods for studying the influence of ram air 
boosting on engine performance; 

- development of a methodology for determining the 
effect of ram air boosting on the performance of a high-
speed motorcycle spark-ignition engine; 

- calculation of the magnitude of ram air boosting, 
i.e., the dynamic air pressure, at different vehicle speeds; 

- performing a thermodynamic cycle calculation of 
the engine operating at rated conditions, both in the 
presence and absence of ram air boosting, and 
determining the indicated and effective performance 
parameters; 

- conclusions based on the analysis of the obtained 
results. 

Material and Methodology  

The study employed theoretical (analysis, synthesis, 
induction, deduction) and practical (analytical-
calculation) methods. 

To investigate the effect of ram air boosting on 
the performance of a high-speed motorcycle spark-
ignition engine, the engine of the Kawasaki Ninja 
ZX-10R motorcycle was choosen. 

The engine is an inline four-cylinder, liquid-cooled 
unit with a displacement of 998 cm³, mounted 
transversely in the motorcycle frame (Fig. 1, 2). The 
valvetrain is of the DOHC type, with four valves per 
cylinder. The intake system is designed with reduced flow 
resistance and incorporates ram air boosting. The air filter 
element is of the viscous paper type.  
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Figure 1. Air intake of the Kawasaki Ninja ZX-10R motorcycle 

engine [13] 
 

 
Figure 2. Schematic of the intake system and airflow path in the 
Kawasaki Ninja ZX-10R motorcycle (air filter not shown) [14] 

Technical specifications of the Kawasaki Ninja ZX-
10R engine [13, 14]: 

- number of cylinders – 4; 
- stroke – 76.0 mm; 
- bore – 55.0 mm; 
- compression ratio – 13; 
- maximum effective power – 146 kW (197 hp) at 

13,000 rpm; 
- maximum torque – 113.5 N·m at 11,500 rpm.  
Ambient air is drawn from outside through an intake 

duct (Figure 1), which is installed in the front part of the 
motorcycle fairing. The duct is protected by a mesh to 
prevent large debris from entering.  

Then, the horizontal airflow is deflected upward, 
passes over the upper part of the engine, turns downward, 
and is directed toward the air filter and throttle valves 
(Figure 2).  

Due to the large cross-sectional area of the air ducts 
and the orientation of the air intake in the direction of 
motorcycle motion, an increase in intake air pressure is 
achieved at high speeds as a result of ram air boosting. 
The maximum speed of the Kawasaki Ninja ZX-10R 
motorcycle, depending on the modification, can reach 304 
km/h.  

The methodology for determining the effect of ram 
air boosting on the performance of a high-speed 
motorcycle spark-ignition engine includes: 

- calculation of the magnitude of ram air boosting by 
determining the dynamic air pressure at possible vehicle 
speeds; 

- performing a thermodynamic cycle calculation of 
the engine operating at rated conditions using the physical 
and mathematical model of Prof. Yehorov, implemented 
in the Engine Calculation software [15–17], both without 
ram air boosting and with ram air boosting at vehicle 
speeds of 100, 200, and 300 km/h; calculation of 
indicated and effective performance parameters; 

- analysis of the obtained results and formulation of 
conclusions and recommendations regarding the 
effectiveness and feasibility of using ram air boosting in 
engines of ground and aircraft vehicles.  

Unlike existing studies, this research considers the 
influence of ram air boosting on the engine working cycle 
and indicated performance parameters, not only on 
effective performance. 

Research results 

In the course of the study, the nature of the 
dependence of the increase in dynamic (ram air) pressure 
on the vehicle speed was determined, i.e., рD = f(υ)  (Fig. 
3). A quadratic equation was obtained that allows 
calculating the value of рD for any value of υ within the 
range from 0 to 350 km/h: 

 
рD = 46,46·10-6· υ 2 –0,8214·10-6· υ +112,5·10-6. (1) 
 
A thermodynamic calculation of the working cycle 

of the four-stroke spark-ignition engine of the Kawasaki 
Ninja ZX-10R at rated operating conditions was 
performed. The calculation was carried out using the 
Engine Calculation software according to a methodology 
[16]. 

 
рD, кPa 

υ, km/h 
Figure 3. Variation of dynamic air pressure  

рD as a function of vehicle speed υ under standard temperature 
and pressure conditions  

0

1

2

3

4

5

6

0 50 100 150 200 250 300 350

74



p-ISSN 1607-6885 Нові матеріали і технології в металургії та машинобудуванні. 2026/2 
e-ISSN 2786-7358 New materials and technologies in metallurgy and mechanical engineering. 2026/2 

 
 

   
© Natalya Yevsyeyeva, Roman Sukhonos, Natalya Ryaboshapka, 
    Vladyslav Timoshenko, 2026 

  
DOI 10.15588/1607-6885-2026-2-8 

 

The engine performance parameters, taking into 
account the magnitude of ram air boosting, were 
calculated with the following variable parameters: 

- boost pressure рk’; 
- charge density at the cylinder inlet ρk; 
- intake pressure losses ∆рint; 
- volumetric efficiency ηv; 
- cyclic air mass in the cylinder ∆mair; 
- cyclic fuel mass supply ∆mfuel; 
- pressure in the cylinder at the beginning of the 

cycle ра; 
- mass of the in-cylinder working medium at the 

beginning of the cycle ma. 
The intake air temperature То was assumed constant. 
Table 1 shows the initial data for the thermal 

calculation of the Kawasaki Ninja ZX10R engine at rated 
conditions, taking into account ram air boosting. 

 
Table 1 – Input data for the thermodynamic 

calculation of the Kawasaki Ninja ZX-10R engine at 
rated conditions taking into account ram air boosting 

Parameter Values 
υ, km/h 0 100 200 300 
рk, Pa 101325 
рD, Pa 0 464,6 1858,5 4181,6 
рk’, Pa 101325 101789,6 103183,5 105506,6 

ρk, kg/m3 1,204 1,210 1,226 1,254 
∆рint, Pa 4053,0 4071,6 4127,3 4220,3 

ра, Pa 97272 97718 99056 101286 
∆mair∙106, 
kg/cycle 254 255 259 265 

∆mfuel ∙106, 
kg/cycle 19,31 19,40 19,67 20,11 

ma∙10-6, 
kg/cycle 272 273 277 283 

The indicated performance parameters of the engine 
are presented in Table 2. 

 
Table 2 – Indicated performance of the Kawasaki 

Ninja ZX-10R engine at rated conditions without (υ = 0 
km/h) and with ram air boosting (υ = 300 km/h) 

Parameter Values 
υ, km/h 0  100  200  300  

Li, J/cycle 419,903 421,835 426,960 437,531 
рi, MPa 1,6853 1,6931 1,7137 1,7561 
 
From Table 2, it follows that at a vehicle speed of 

Kawasaki Ninja ZX10R υ = 300 km/h under rated 
operating conditions, compared to υ = 0 km/h, the 
indicated performance parameters of the engine change as 
follows: 

- indicated work Li increases by 4.2%; 
- indicated average effective pressure рi  increases by 

4.2%; 
- indicated specific fuel consumption gi  shows no 

significant change; 
- indicated efficiency ηi shows no significant 

change.  

The effective performance parameters of the engine 
are presented in Table 3. 

From Table 3, it follows that at a vehicle speed of υ 
= 300 km/h under rated conditions, compared to υ = 0 
km/h, the effective performance parameters change as 
follows: 

- effective power Ne increases by 4.2% (Fig. 4); 
- effective average effective pressure ре increases by 

4.2%; 
- effective specific fuel consumption gе shows no 

significant change; 
- effective efficiency ηе shows no significant 

change.  
 
Table 3 – Effective performance of the Kawasaki 

Ninja ZX-10R engine at rated conditions without           
(υ = 0 km/h) and with ram air boosting (υ = 300 km/h)  

Parameter Values 
υ, km/h 0  100  200  300  
Ne, kW 145,57 146,24 148,01 151,68 
ре, MPa 1,348 1,354 1,371 1,405 
 
As the speed of the Kawasaki Ninja ZX-10R 

motorcycle increases from 0 to 300 km/h, changes occur 
in the engine working cycle due to ram air boosting. In 
particular, this leads to an increase in the maximum in-
cylinder pressure рmax by 0.597 MPa (4.2%) and an 
increase in the maximum temperature Тmax by 3.3 K 
(0.1%).  

 
Ne, kW 

 
υ, km/h 

Figure 4. Dependence of the maximum effective 
power of the Kawasaki Ninja ZX-10R engine on vehicle speed 

due to ram air boosting  

Conclusions 

The study has established that motorcycle Kawasaki 
Ninja ZX10R at a vehicle speed of υ = 300 km/h under 
rated operating conditions, compared to υ = 0 km/h, the 
engine performance parameters change as follows: 

- effective power Ne and average effective pressure 
ре increase by 4.2%; 

- effective specific fuel consumption gе and 
effective efficiency ηе remain practically unchanged; 
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- maximum in-cylinder pressure рmax increases by 
0.597 MPa (4.2%); 

- maximum temperature Тmax of the working charge 
remains practically unchanged. 

It is shown that the main parameters characterizing 
gas exchange in the cylinder and the intake process – 
residual gas fraction γ, excess air ratio α, and volumetric 
efficiency ηv – remain practically unchanged when ram air 
boosting is applied. The increase in engine power is 
primarily due to the increase in the cyclic air mass ∆mair 

and the cyclic fuel mass ∆mfuel.  
The results confirm that ram air boosting can 

provide a noticeable increase in effective power without 
additional complexity or increase in engine mass, which 
is critically important for motorcycles and related 
applications, including aircraft. The obtained results are 
recommended for experimental validation.  
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Мета роботи. Дослідити вплив параметрів газообміну, зокрема динамічного (швидкісного) наддуву, на 

індикаторні та ефективні показники бензинового чотиритактного двигуна внутрішнього згоряння на прикладі 
високофорсованого двигуна мотоцикла Kawasaki Ninja ZX-10R. 

Методи дослідження. Для досягнення поставленої мети використано комплекс теоретичних та 
аналітично-розрахункових методів. Проведено аналіз величини динамічного наддуву шляхом визначення 
динамічного тиску повітря залежно від швидкості руху транспортного засобу в діапазоні 0–300 км/год. 
Виконано термодинамічний розрахунок робочого циклу бензинового двигуна на номінальному режимі з 
використанням програмного середовища Engine Calculation. Розрахунок проведено для умов відсутності та 
наявності динамічного наддуву з урахуванням зміни тиску на впуску, густини заряду, маси повітря та палива в 
циклі, а також параметрів робочого тіла на початку циклу. 

Отримані результати. Встановлено, що зі зростанням швидкості руху мотоцикла величина динамічного 
тиску повітря зростає за квадратичним законом і при швидкості понад 300 км/год досягає значення понад 4 
кПа. Це призводить до підвищення тиску на впуску, збільшення циклового заряду повітря та відповідного 
зростання подачі палива. У результаті ефективна потужність двигуна збільшується до 4,2 %, а середній 
ефективний тиск – на аналогічну величину. При цьому індикаторний та ефективний коефіцієнти корисної дії, 
а також питома витрата палива залишаються практично незмінними. Виявлено, що підвищення потужності 
зумовлене переважно збільшенням маси робочого тіла в циліндрі, тоді як основні коефіцієнти, що 
характеризують процес газообміну, змінюються незначно. 

Наукова новизна. Розроблено методику оцінювання впливу динамічного наддуву на індикаторні та 
ефективні показники бензинового двигуна внутрішнього згоряння з урахуванням зміни параметрів газообміну 
та умов впуску, що дозволяє кількісно визначати приріст потужності залежно від швидкості руху 
транспортного засобу. 

Практична цінність. Запропонована методика та отримані результати можуть бути використані при 
проектуванні та оптимізації впускних систем швидкісних транспортних засобів, зокрема мотоциклів, 
спортивних автомобілів, літальних апаратів, а також при модернізації існуючих двигунів з метою підвищення 
їх потужнісних показників без суттєвого ускладнення конструкції.  

Ключові слова: двигун внутрішнього згоряння, газообмін, динамічний наддув, впускна система, 
динамічний тиск, ефективна потужність. 
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MICROPLASMA POWDER CLADDING FOR THE REPAIR OF TURBINE 
MONOWHEELS MADE OF NICKEL-BASED HEAT-RESISTANT ALLOYS 

Purpose. Theoretical justification and experimental development of a technology for the restoration of turbine 
blades of an aircraft engine, manufactured using the “blisk” process from heat-resistant nickel alloys, via the additive 
micro-plasma powder cladding method (MPC). 

Research methods. The study employed microplasma layer-by-layer powder cladding on the end faces of plates 
made of the ЖС32-ВИ alloy, using the specialised robotic system STARWELD 190H. The MPC process was carried 
out using direct current of positive polarity (currents of 2…50 А). High-purity argon was used as the plasma-forming 
and shielding gas. The dimensions of the test plates were115×15×2 mm. The cladding was carried out using a 
reciprocating motion. After cladding, the samples were subjected to heat treatment. The mechanical properties of the 
samples obtained by the additive growth method were determined on standard flat specimens. 

Results. Following mechanical testing, the specimens exhibited the following properties: average tensile strength 
σ = 1147 MPa and plasticity δ = 9.5%, whilst the requirements of the standard specify σв ≥ 882 MPa and δ = 6.0%. 
The fracture surfaces exhibited a medium-grained structure. No defects were observed in the fracture surfaces. The 
microstructure of the sample material prior to heat treatment consists of γ-solid solution containing an intermetallic γ´ 
phase, carbides, carbonitrides, and 5 μm-sized eutectic (γ-γ´) phase, which is characteristic of the as-cast condition of 
the ЖС32-ВИ alloy. The microstructure of the sample material after heat treatment corresponds to the normal state of 
the ЖС32-ВИ alloy. 

Scientific novelty. When manufacturing turbine wheels by casting, one of the most serious problems is casting de-
fects, such as cracks, porosity and cavities. The use of existing repair methods, which are based on welding or surfacing 
using argon arc welding, for example for blades, is limited by the high susceptibility of heat-resistant nickel alloys 
(ЖС3ДК, ВЖЛ12) to the formation of heat-fatigue cracks due to the high content of γ´ phase. The proposed repair 
technology involves cutting the blade down to the location of the defect and subsequently restoring the blade profile 
layer by layer using the additive micro-plasma cladding method. 

Practical value. It has been established that the repair of aircraft engine turbine blades using the additive micro-
plasma powder cladding method ensures high mechanical properties across the entire height of the grown blade with-
out the occurrence of casting defects. 

Key words: turbine wheel, additive microplasma cladding, powder, γ´-phase, mechanical properties, microstruc-
ture. 
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Introduction 

One of the main areas of development for gas tur-
bine engines is the improvement of their specific perfor-
mance, including a reduction in their mass and dimen-
sions [1]. The turbine wheels of small gas turbine engines 
are usually manufactured using the «blisk» process, 
meaning that the wheel blades and the disc section are 
formed as a single component (Figure 1). With this con-
struction, the total mass of the turbine wheel is reduced 
compared to wheels that use individual working blades [2, 
3]. 

The turbine wheel of a small gas turbine engine, 
manufactured using the “blisk” process, operates under 
significant thermomechanical stresses (the operating tem-
perature of the wheel blades ~ 950 °С, maximum rota-
tional speed of the wheel is 39000 r/min), in an environ-
ment of high-temperature combustion products from avia-
tion fuel. Due to these demanding operating conditions, 
turbine wheels are manufactured from heat-resistant nick-
el alloys using high-precision casting [4–7]. 

 

 
Figure 1. Turbine wheel manufactured using the “blisk” 

process 
 
When manufacturing turbine wheels from heat-

resistant nickel alloys ЖС3ДК and ВЖЛ12 using the 
casting process, difficulties arise due to the occurrence of 
casting defects such as cracks, porosity and cavities. It 
should be noted that most defects occur in the blades, 
particularly in the lower section near the base. 

When attempting to repair such alloys using tradi-
tional methods, such as argon arc welding, cracks inevita-
bly form in the heat-affected zone. The mechanisms be-
hind their formation are varied: from liquation cracking 
during the welding process to strain-age cracking during 
subsequent heat treatment. This is due to the rapid kinet-
ics of the precipitation of the strengthening phase 
Ni3(Al,Ti), which is accompanied by volume changes and 
a reduction in the material’s ductility during the relaxation 
of welding stresses [8]. 

Additive technologies, in particular microplasma 
powder cladding (MPС), represent a promising approach 
to addressing this task [9–12]. This method combines the 
precision of energy delivery characteristic of laser pro-

cesses with the metallurgical ‘mildness’ and cost-
effectiveness of arc processes. The aim of this work is a 
comprehensive study of the feasibility of using MPС for 
the repair of turbine blades made of the heat-resistant al-
loy ЖС32-ВИ, including the optimisation of cladding 
parameters and post-weld heat treatment regimes. 

Analysis of research and publications 

The problem of welding and cladding heat-resistant 
nickel alloys (superalloys) has remained a key focus for 
materials scientists over the past five decades. Scientific 
fundamental works laid the foundations for understanding 
the physical metallurgy of these materials. However, the 
main difficulty of the process lies in the fact that alloying 
aimed at improving high-temperature strength (increasing 
the volume fraction of the γ´- phase) has a diametrically 
opposite effect on weldability. 

Alloy ЖС32-ВИ (analog to western alloys such as 
René and CMSX) belong to the class of dispersion-
hardened materials. When heated above the solidus tem-
perature (during welding), partial melting occurs along 
the grain boundaries in the heat-affected zone, caused by 
the presence of low-melting eutectics and the segregation 
of impurities (S, P etc.). During cooling, under the action 
of tensile thermal stresses, these liquid films open up, 
forming hot cracks [5, 13–15]. 

An even more insidious phenomenon is stress-
induced ageing cracking. These cracks occur during post-
weld heat treatment in the temperature range of 
700…900°C. In this range, there is an intense precipita-
tion of the secondary γ'-phase within the grains, which 
significantly strengthens their interior. If the grain bound-
aries remain relatively weak or have low ductility, the 
relaxation of residual stresses occurs not through plastic 
deformation, but through the formation of cracks along 
the grain boundaries. 

A number of repair techniques are currently availa-
ble for damaged components, each with its own ad-
vantages and disadvantages. The traditional method – 
argon arc welding – is widely used for repairing less al-
loyed alloys (e.g. Inconel 625, Inconel 718). However, for 
alloys with a γ'-phase content exceeding 40…50 % 
(which includes ЖС32), TIG welding is characterised by 
excessively high heat input. This leads to a wide heat-
affected zone, grain growth and catastrophic cracking. 
Numerous studies confirm that the use of TIG welding to 
restore the aerodynamic profile of blades made from 
ЖС32 is impractical due to the low yield of serviceable 
parts [5, 14]. 

Laser technologies (laser metal deposition) ensure 
minimal heat input and high precision. However, high 
cooling rates (10³…10⁴ K/s) lead to the formation of non-
equilibrium, hardened structures with high levels of inter-
nal stresses [2, 3, 14]. Furthermore, laser cladding is 
prone to porosity and lack of fusion if parameters are se-
lected incorrectly, and is characterised by high equipment 
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and operating costs. Another issue is the anisotropy of 
properties and the need for strict control of particle size. 

Electron beam welding ensures the highest metal pu-
rity, but requires a vacuum chamber, which limits produc-
tivity and part dimensions and makes it a challenging 
method for the layer-by-layer fabrication of complex ge-
ometries. 

Microplasma powder cladding occupies a unique 
place. The use of a low-power compressed arc (currents 
of 2…50 A) allows for precise control of heat input, en-
suring “gentle” mixing of the filler material with the base 
metal. 

The works of the Ukrainian school of welding (E.O. 
Paton Electric Welding Institute), in particular those by 
K.A. Yushchenko, O.V. Yarovitsyn and others, have ex-
amined the physics of the MPС process in detail [9–12]. It 
has been shown that laminar plasma flow provides relia-
ble protection of the molten pool against oxidation, which 
is critical for alloys containing active elements (Al, Ti, 
Hf). 

Previous studies have demonstrated the successful 
use of MPС for repairing blade tip sections (build-up of 
up to 3…5 mm) [10, 11, 16, 17]. However, when repair-
ing integral wheels, there is often a need to restore signif-
icantly larger volumes - for example, when cutting out a 
defect near the root of the blade, up to 45…50 mm of the 
profile to be restored. This shifts the task from the realm 
of «cosmetic repair» to that of «additive manufacturing on 
an existing substrate». 

The issues of structural stability and properties dur-
ing multi-layer cladding of such large volumes of the 
ЖС32-ВИ, as well as the selection of heat treatment re-
gimes that would mitigate the effects of repeated thermal 
cycling, remain insufficiently studied. This work is spe-
cifically aimed at addressing these «gaps» in the technol-
ogy. 

Purpose of the study 

The aim of this work is to provide a theoretical justi-
fication and experimental development of a technology 
for the repair of turbine blades in aircraft engines, manu-
factured using the «blisk» process from heat-resistant 
nickel alloys, by means of additive micro-plasma powder 
cladding. 

To achieve the set objective, the following tasks 
must be addressed: 

- to develop a methodology for the additive manu-
facturing of test specimens made from the ЖС32-ВИ 
alloy, which replicate the thermophysical conditions in-
volved in restoring the blade profile; 

- conduct a comparative analysis of the microstruc-
ture of the deposited metal in the original state and after 
various homogenisation annealing regimes; 

- determine the effect of homogenisation tempera-
ture on the dissolution of non-equilibrium eutectic phases 
and prevent the formation of defects; 

- to determine the mechanical properties (tensile 
strength, elongation) of the remanufactured metal and 
verify their compliance with the requirements of industry 
standards for cast materials; 

- to investigate the failure mechanism of the 
remanufactured samples using fractography to confirm 
the absence of hidden defects of metallurgical origin. 

Materials and methods 

The high-temperature nickel alloy ЖС32-ВИ was 
selected as the subject of the study. It is one of the most 
advanced casting alloys for aircraft turbine blades, capa-
ble of operating at temperatures of up to 1050…1100°C. 

The filler material used was spherical-shaped metal 
powder of the ЖС32-ВИ alloy, produced by vacuum in-
duction gas atomisation in argon. The particle size distri-
bution of the powder was 63…163 μm [9, 11, 12]. Choice 
of particle size was dictated by the requirements for a 
stable feed into the plasmatron: finer particles  
(<50 μm) are prone to agglomeration and “clogging”, 
whilst larger ones (>160 μm) may not have time to melt 
completely in a low-power plasma arc. 

The experimental work was carried out on a special-
ised robotic system the STARWELD 190H. The process 
MPС was performed using direct current of positive po-
larity (negative electrode). High-purity argon was used as 
the plasma-forming and shielding gas. To simulate blade 
repair, a strategy of layer-by-layer cladding on the end 
face of a plate made of the ЖС32-ВИ alloy was chosen. 
The plates measured 115×15×2 mm (Figure 2). The 
thickness of 2 mm corresponded to the average thickness 
of the turbine blade and vane in the repair zone. The clad-
ding was carried out using a reciprocating motion. 

 

 
Figure 2. Sample cutting plan 

 
The mechanical properties of the specimens 

following heat treatment (Т=1255±10°С for 1…1.5 
hours), produced by additive manufacturing using 
microplasma powder cladding, were determined on 
standard flat specimens. 

Results and discussion  

The first stage of the study involved assessing the 
quality of the metal’s formation immediately following 
the additive manufacturing process (original condition). A 
visual inspection of the surface of the deposited layers 
revealed satisfactory formation: consistent width, and no 
coarse burrs, undercuts or macro-cracks. The surface had 
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a characteristic structure resulting from the crystallisation 
of individual molten pools. 

Analysis of cross-sectional micro-sections in the 
unetched state revealed the presence of scattered mi-
croporosity. The pores were predominantly spherical in 
shape, with a size not exceeding 20 µm (Figure 3). The 
spherical shape of the pores indicated that they were of 
gaseous origin. The most likely causes are either argon 
entrapped by powder particles during their production 
(gas atomisation) or microbubbles of shielding gas that 
entered the turbulent flows of the weld pool. It should be 
noted that, from the point of view of fracture mechanics, 
small spherical pores (up to 20…30 μm) are significantly 
less dangerous stress concentrators than flat oxide films or 
sharp hot cracks [2, 10]. 

 

  
Figure 3. Microstructure of the deposited metal prior to 

etching 
 
Etching revealed a dendritic structure resulting from 

directional crystallisation. The axes of the dendrites are 
predominantly oriented along the heat dissipation path 
(from bottom to top, away from the substrate). The micro-
structure of the samples prior to heat treatment consisted 
of a γ-solid solution containing an intermetallic γ´- phase, 
carbides and carbonitrides [3, 5, 6]. Particular attention 
was drawn to the presence of a eutectic (γ-γ´)- phase, 
∼5μm in size, in the inter-axial spaces of the dendrites, 
which is characteristic of the as-cast state of the ЖС32-
ВИ alloy (Figure 4). This is a consequence of dendritic 
solidification, where elements with a partition coefficient 
k <1 (Al, Ti, Ta) are displaced by the crystallisation front 
into the liquid phase, enriching the final portions of the 
melt to the eutectic composition. It is precisely these 
zones that are potential weak points. 

The samples were then subjected to heat treatment – 
homogenisation at Т=1270±10°С for 1…1.5 hours. 
Homogenisation is necessary to equalise the chemical 
composition, dissolve non-equilibrium eutectics and form 
the optimal morphology of the strengthening γ´- phase. 

 

 
Figure 4. Microstructure of the deposited metal pri-

or to heat treatment following etching 
 
Metallographic analysis of samples after ageing at 

1270°C revealed the presence of structural defects classi-
fied as “overheating” or “incipient melting” [3, 5, 7]. The 
microstructure photographs clearly show thickened grain 
boundaries and «islands» with traces of melting around 
former eutectic zones (Figure 5). 

 

 
Figure 5. Microstructure of the deposited metal after 

heat treatment (homogenisation at Т=1270±10°С) 
 
Although the nominal solidus temperature of the 

ЖС32-ВИ alloy is higher than 1270°C, the deposited 
metal contains zones enriched with boron, carbon and 
liquidus elements as a result of non-equilibrium crystalli-
sation. These localised zones have a significantly lower 
melting point. When heated to 1270 °C they turn to a liq-
uid state. Upon subsequent cooling, the liquid crystallises 
in the form of brittle films or coarse eutectics, which dras-
tically reduces the mechanical properties. Thus, this par-
ticular heating temperature is unacceptable for the depos-
ited material without prior stepwise preparation. 

To prevent the metal samples from overheating, the 
homogenisation temperature was reduced by 15 °С. An-
other series of samples underwent heat treatment – ho-
mogenisation at Т=1255±10 °С for 1…1.5 hours. De-
creasing the temperature by 15 °C allowed entry into the 
safe heat treatment interval. The structure after heating at 
1255 °C was characterised by the absence of melting trac-
es, a significant degree of solid solution homogenisation, 
a reduction in the number and size of non-equilibrium 
eutectics due to diffusion dissolution, and the formation 
of a regular γ-γ´ phase structure with a cuboid morpholo-
gy, which is optimal for creep resistance and corresponds 
to the normal state of the ЖС32-ВИ alloy (Figure 6). 
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Figure 6. The microstructure of the deposited metal 

after heat treatment (homogenisation at Т = 1255±10°С) 
 
The results of the tensile strength tests on samples 

treated under optimal conditions are presented in the 
comparative table (Table 1). 

The obtained results demonstrate that the properties 
of the deposited metal significantly exceed the minimum 
requirements. This is because rapid crystallisation during 
MPC resulted in a more dispersed structure compared to 
conventional casting, where slow cooling led to the for-
mation of large dendrites and significant microporosity. 

 
Table 1 – A comparative analysis of the mechanical 

properties of the remanufactured ЖС32-ВИ alloy and the 
relevant standards 

Characte-ristics 
Mean value 

(experi-
ment, MPC) 

Require-
ments 

(casting, 
technical 
specifica-

tions) 

Deviation Rating 

Strength limit 
σ, MPa 1147 ≥ 882 + 30 % excellent 
Relative 
elongation δ, 
% 

9.5 ≥ 6.0 + 58.3 % excellent 

Yield point 
σ0.2, MPa ∗ 931 - - - 

∗ The yield point value is an estimate, based on the typical 
ratio for this class of alloys 

 
Examination of the fracture surfaces following 

rupture confirmed that metal was of a sufficiently high 
quality. The fracture had a matt grey hue, characteristic of 
ductile fracture. No defects such as lack of fusion between 
the cladding layers were detected (Figure 7), confirming 
the correct selection of the process’s energy parameters 
(current, cladding rate). 

 

 
Figure 7. Fracture patterns in specimens following 

tensile testing 
 

Discussion 

The obtained data made it possible to formulate a 
concept for the «blisk» blade remanufacturing process. 
The main point is to demonstrate that the MPC method 
can produce dense metal with properties not worse than 
those of cast metal, even at high build-up heights. It is 
important to note the role of heat treatment. In industrial 
conditions, higher heating temperatures (1280…1290 °C) 
are often used for cast blades to ensure complete 
dissolution of γ- phase. However, for metal formed by the 
MPC method, which has its own specific crystallisation 
characteristics, these temperatures are unacceptable [3, 5, 
7]. It has been established that reducing the temperature to 
1255°C is a necessary compromise that ensures a 
sufficient level of mechanical properties. 

The economic benefits of implementing this 
technology are clear. The cost of a new turbine 
monowheel can run into tens of thousands of dollars. The 
cost of repair using the MPC method (powder + labour + 
heat treatment) amounts to 10…15% of the cost of a new 
part. Furthermore, this also resolves the issue of logistics 
and spare parts delivery times. 

Conclusions 

Based on the comprehensive research carried out, 
the following conclusions can be drawn: 

1. The feasibility of using the additive MPC method 
to repair deep damage and fully restore the profile of the 
working blades of “blisk”-type turbine wheels made from 
the ЖС32-ВИ alloy has been confirmed. 

2. The developed technology ensures the production 
of dense deposited metal. The residual microporosity does 
not exceed 20 µm, is spherical in shape and does not 
compromise the static strength. There are no cracks or 
lack of fusion.. 

3. The critical sensitivity of the deposited metal to 
the homogenisation temperature has been established. A 
temperature of 1270 °C is excessive and causes the eutec-
tic phases to melt. The optimum condition has been de-
termined to be T = 1255±10 °C (1…1.5 hours), which 
ensures the formation of the required microstructure. 

4. The clad metal exhibits high mechanical strength 
(σ = 1147 MPa) and plasticity (δ = 9.5%), which signifi-
cantly exceeds the specifications for the base material. 

5. The results of this work form the basis for the de-
velopment of standard operating procedures for the air-
craft engine repair process, which will significantly ex-
tend the service life of the aircraft fleet. 
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Мета роботи. Теоретичне обґрунтування та експериментальна розробка технології відновлення робочих 

лопаток колеса турбіни авіаційного двигуна, виконаного за технологією «бліск» із жароміцних нікелевих 
сплавів, методом адитивного мікроплазмового порошкового наплавлення (МПН). 

Методи дослідження. В ході дослідження було застосовано метод пошарового порошкового наплавлення 
з використанням мікроплазми на торцеві поверхні пластин зі сплаву ЖС32-ВИ за допомогою спеціалізованої 
роботизованої системи STARWELD 190H. Процес МПН здійснювався з використанням постійного струму по-
зитивної полярності (силою струму 2…50 А). В якості плазмоутворюючого та захисного газу використовували 
аргон високої чистоти. Розміри експериментальних пластин становили 115×15×2 мм. Наплавлення здійснюва-
ли з використанням зворотно-поступального руху. Після наплавлення зразки піддавали термічній обробці. Ме-
ханічні властивості зразків, отриманих методом адитивного нарощування, визначали на стандартних плоских 
зразках. 

Отримані результати. Після механічних випробувань зразки мали наступні властивості: середні значен-
ня міцності σв=1147 МПа, пластичності δ= 9,5 %, при вимогах нормативної документації σв ≥ 882 МПа,  
δ= 6,0 %. Злами мали середньо-кристалічну структуру. Дефекти у зламах не виявлено. Мікроструктура ма-
теріалу зразків до термообробки являє собою γ- твердий розчин з наявністю інтерметалідної γ´-фази, кар-
бідів, карбонітридів, а також евтектичної (γ-γ´) - фази розміром 5мкм, яка характерна для литого стану 
сплаву ЖС32-ВИ. Мікроструктура матеріалу зразків після термообробки відповідає нормальному стану спла-
ву ЖС32-ВИ. 

Наукова новизна. При виготовленні коліс турбін методом лиття одна з найсерйозніших проблем – це ли-
варні дефекти, такі як тріщини, пористість, раковини. Використання існуючих методів ремонту, які основані 
на зварюванні або наплавленні методом аргонодугового зварювання, наприклад для лопаток, обмежені високою 
схильністю жароміцних нікелевих сплавів (ЖС3ДК, ВЖЛ12) до появи термовтомних тріщин через високий 
вміст γ´-фази. Запропонована технологія ремонту полягає у зрізанні лопатки до місця розташування дефекту і 
подальшому пошаровому відновленню профіля лопатки методом адитивного мікроплазмового наплавлення. 

Практична цінність. Встановлено, що відновлення колеса турбіни авіаційних двигунів методом адитив-
ного мікроплазмого порошкового наплавлення забезпечує високі механічні властивості по всій висоті вирощеної 
лопатки без виникнення дефектів лиття. 

Ключові слова: колесо турбіни, адитивне мікроплазмове наплавлення, порошок, γ´-фаза, механічні вла-
стивості, мікроструктура. 
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SHIELDING GAS OXIDATION EFFECTS ON GEOMETRY AND  
ENERGETICS IN WIRE ARC DEPOSITION OF HIGH-STRENGTH STEEL 

Purpose. To establish the regularities of the influence of carbon dioxide concentration (0-100% CO₂) in an argon-
based shielding mixture on the external macrogeometry (width, height, waviness) and energetic parameters of low-heat-
input thin-wall formation from high-strength low-alloy (HSLA) MoNiVa steel using robotic Cold Metal Transfer (CMT) 
additive manufacturing. 

Research methods. The studies were conducted using a robotic system with a Fronius TPSi power source (CMT 
mode, WFS = 2.0 m/min, TS = 35 cm/min). To eliminate subjective errors and analyze the stochastic macrogeometry, a 
computer vision method (OpenCV) based on pixel-by-pixel integration of optical scans (600 DPI, absolute error of 0.045 
mm) was developed. Synchronizing geometric metrics with high-frequency (10 Hz) data logging of arc energetic param-
eters allowed for the evaluation of Volumetric Energy Density (VED). 

Results. A fundamental scale effect was observed during thin-wall deposition. Monogas environments proved tech-
nologically unviable: 100% argon induced severe internal porosity due to molten pool viscosity and rapid freezing, while 
100 % CO₂ caused spatial meandering, hydrodynamic collapse, and a catastrophic 45 % loss of cross-sectional area. An 
exceptionally stable technological window was identified strictly within 5–18% CO₂, where the coefficient of variation 
(CV) for the width was minimized (1.30–1.87%) and a proportional bead form factor was maintained. 

Scientific novelty. For the first time, a thermohydrodynamic “scale effect” in WAAM of complex HSLA steels is 
formalized, proving that under low-heat-input conditions, active gas additions do not improve wetting but rather trigger 
rapid crystallization and oxide barrier formation. The “energy paradox” of the process is mathematically proven: despite 
the 100% CO₂ mode having the lowest linear heat input (205.5 J/mm) due to synergic current suppression, it requires the 
highest Volumetric Energy Density (2.09 kJ/cm³) owing to critical mass transfer deterioration. 

Practical value. The identified technological window (5-18% CO₂) and the formalized energy balance for MoNiVa 
thin-wall structures serve as a ready-to-use foundation for minimizing geometric defects and maximizing energy efficiency 
in production. The developed machine vision algorithm is suitable for implementation in closed-loop WAAM control 
systems for predictive real-time parameter adjustment. 

Key words: Wire Arc Additive Manufacturing, WAAM, Cold Metal Transfer, CMT, high-strength steel, MoNiVa, 
shielding gas, volumetric energy density, computer vision. 

 

Introduction 

Wire Arc Additive Manufacturing (WAAM) is cur-
rently considered one of the most promising areas of metal 
3D printing for large-scale objects tailored to the needs of 
the aerospace and heavy engineering industries. Its main 
advantages are high deposition rates, relatively low equip-
ment costs, and the ability to use standard commercial 
welding wires. Of particular interest to the industry is the 
printing of parts from high-strength low-alloy (HSLA) 
steels, particularly those alloyed with molybdenum, nickel, 
and vanadium (MoNiVa system), which provide a unique 
combination of strength, toughness, and cold resistance. 

However, the main drawback hindering the mass 
adoption of WAAM is the low dimensional accuracy and 
significant waviness of the side surfaces of the deposited 
walls. Since the process relies on free-form deposition, 

controlling the final dimensions of the part comes down to 
managing the hydrodynamics of the liquid weld pool. De-
viations from the specified geometry require significant al-
lowances for subsequent machining, which negates the 
economic benefits of the additive approach. 

Problem statement 

Unlike traditional welding, in WAAM, the bead 
shape is formed exclusively as a result of the evolution of 
the liquid metal pool under the influence of surface tension 
forces, viscous friction, and electrodynamic forces. Tradi-
tionally, kinematic parameters such as wire feed speed 
(WFS) and travel speed (TS) are used to control the geom-
etry. The shielding gas is mostly considered a passive ele-
ment for isolating the molten pool. However, changing its 
composition, in particular by adding active carbon dioxide 
(CO₂), alters the oxidation potential of the plasma and the 
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rheology of the molten pool, making it a fully-fledged in-
dependent tool for influencing shape formation, which re-
mains understudied for steels with complex alloying sys-
tems. 

Analysis of research and publications 

The current state of development of additive technol-
ogies shows that the product geometry in WAAM is deter-
mined by the evolution of the metal pool under a moving 
heat source. Unlike processes with a strictly localized mol-
ten pool of small volume (e.g., laser powder bed fusion), 
shape accuracy in arc deposition must be considered as a 
complex problem of unsteady thermohydrodynamics with 
a free surface [1, 2]. The final bead shape results from the 
interaction of surface tension forces, viscous friction, grav-
ity, droplet transfer momentum, and the overall thermal 
state of the molten pool [3-5]. Most studies prove that the 
key factors of geometric stability are heat input, deposition 
strategy, and the metal transfer algorithm [6]. However, the 
shielding gas is often still considered primarily as a passive 
technological parameter to ensure arc stability and protec-
tion from the atmosphere [7]. In recent years, the paradigm 
has been changing. Studies show that the gas environment 
should be considered an active shape control tool [8, 9]. 
Changing the gas composition affects not only the electri-
cal and spatial characteristics of the arc discharge but also 
the surface state of the pool, the nature of convective flows, 
and the lifetime of the liquid phase. The fundamental basis 
for this approach was formed in studies of weld pool phys-
ics, which proved that Marangoni thermocapillary flows 
have a decisive influence on the deposition geometry [3, 
4]. The magnitude and direction of these flows are deter-
mined by the sign and modulus of the surface tension tem-
perature gradient. When using pure argon, the temperature 
gradient is negative, which initiates centrifugal molten 
pool flows from the center of the pool to its edges, resulting 
in relatively wide but shallow penetration. However, the 
addition of carbon dioxide is accompanied by its dissocia-
tion in the arc and the supply of surface-active oxygen to 
the liquid metal. As proven in classical works, even minor 
additions of active gas turn the surface tension gradient 
positive, initiating powerful centripetal flows that pull the 
molten pool toward the center and downwards, radically 
changing the macrogeometry and heat redistribution [3, 4]. 
Specifically for WAAM, the impact of gas mixtures has 
become the subject of empirical research only recently. In 
particular, studies for low-carbon and stainless steels 
demonstrate that changing the Ar/CO₂ ratio affects layer 
geometry, spatter, and surface roughness [10-14]. How-
ever, most of these studies analyze specific “ready-made” 
industrial mixtures rather than the systematic variation of 
the CO₂ fraction as a control parameter. Furthermore, they 
focus mostly on the materials science aspect (microstruc-
ture), bypassing mechanical interpretation through changes 
in the hydrodynamic field and energy efficiency. A specific 
challenge that currently remains ignored is the use of high-

strength low-alloy (HSLA) steels in WAAM [15]. The ap-
plication of complex alloyed steels (like MoNiVa) intro-
duces an additional level of thermodynamic complexity. 
Alloying elements (especially molybdenum and vanadium) 
combined with an active gas can form complex refractory 
oxide films on the pool surface. Unlike simple silicate slags 
in ordinary steels, these films locally alter molten pool vis-
cosity, acting as a mechanical barrier that restricts spread-
ing and impairs interlayer wetting. Conversely, synergic al-
gorithms of modern power sources (such as CMT) auto-
matically change the current to compensate for gas disso-
ciation, directly affecting the specific energy intensity of 
the process.  

Furthermore, current theoretical frameworks of Ma-
rangoni thermocapillary flows in WAAM are predomi-
nantly based on high-heat-input regimes (thick-wall depo-
sition) with a massive molten pool. The extrapolation of 
these rules to low-heat-input, thin-wall structures – where 
the pool volume is minimal and cooling rates are extreme 
– remains a critical gap in the literature. It is unclear 
whether the active gas additions can effectively trigger cen-
tripetal spreading before the small pool completely solidi-
fies, especially for highly viscous alloys like MoNiVa. 

Thus, the current scientific literature lacks an inte-
grated approach combining a systematic analysis of the im-
pact of the full spectrum of CO₂ concentrations (0–100 %) 
on macrogeometric stability and the energy balance of free-
form deposition specifically for HSLA steels with complex 
molten pool rheology, which justifies the relevance of this 
study. 

Purpose of the work 

To establish the regularities of the influence of active 
carbon dioxide concentration (from 0% to 100%) in a mix-
ture with argon on the macrogeometric stability, stochastic 
waviness, bead form factor, and specific volumetric energy 
density of low-heat-input thin-wall deposition of high-
strength low-alloy MoNiVa steel using the robotic Cold 
Metal Transfer process. 

Material and methods of research 

To implement the experimental part of the work, a 
specialized robotic additive manufacturing complex was 
used. The kinematic system was based on a six-axis indus-
trial manipulator Yaskawa MH1440. An inverter welding 
system, Fronius TPS500i, equipped with a hardware mod-
ule for the CMT (Cold Metal Transfer) technology, was 
used as the power source. The choice of the CMT algo-
rithm is due to its ability to minimize heat input through 
high-frequency reciprocating wire movement, which en-
sures mechanical droplet detachment at reduced short-cir-
cuit currents. This is critical for multi-layer 3D printing, 
where heat accumulation is the main cause of geometric 
wall degradation. 

A solid welding wire with a diameter of 1.2 mm made 
of high-strength low-alloy (HSLA) steel with an Mn-Ni-
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Mo-V alloying system was used. The presence of molyb-
denum and vanadium provides high strength but signifi-
cantly changes the molten pool rheology, increasing its vis-
cosity and tendency to form refractory oxide films in the 
presence of active gases. Deposition was carried out on 
S355 structural steel substrates. 

Kinematic parameters were specifically optimized for 
low-heat-input thin-wall deposition: the wire feed speed 
(WFS) was set to 2.0 m/min, and the travel speed (TS) was 
reduced to 35 cm/min to stabilize pool hydrodynamics. The 
contact tip to work distance (CTWD) was 13 mm, and the 
torch tilt angle was 0 degrees. Shielding gas flow was 
maintained at 14 L/min. To investigate the oxidation po-
tential, a gradient of gas mixtures from 100 % Ar to 100 % 
CO₂ was applied (including intermediate values of 5, 10, 
15, 20, and 25 % CO₂). The process involved depositing 20 
consecutive layers. To isolate the effect of thermal accu-
mulation, a strict temperature control protocol was applied, 
ensuring an interpass temperature of 85±10 °C. 

To eliminate subjective human factors in measuring 
the stochastic macrogeometry, a software package based 
on the OpenCV computer vision library (Python) was de-
veloped. Transverse macrosections were digitized using an 
optical scanner at 600 DPI (pixel size 0.0423 mm). The al-
gorithm included Gaussian filtering, Otsu’s adaptive bina-
rization, and morphological closing. To eliminate edge ef-
fects, the algorithm automatically cropped 3.0 mm from the 
top and bottom bounds. For the stabilized central zone, the 
exact cross-sectional area (F) was calculated via pixel-by-
pixel integration. Horizontal scanning determined the ef-
fective width, width extremes, standard deviation, and co-
efficient of variation (CV). Additionally, the algorithm cal-
culated the geometrical Form Factor (φ) as the ratio of the 
average bead width to the average layer height. Hardware 
validation via a 10 mm reference standard confirmed an 
absolute error of 0.045 mm. 

Energetic parameters (welding current I, arc voltage 
U) were recorded via the power source's built-in data log-
ger at 10 Hz. A script extracted stationary process seg-
ments. Linear heat input (HI) and Volumetric Energy Den-
sity (VED, kJ/cm³) were subsequently calculated by inte-
grating the energetic logs with the cross-sectional area ex-
tracted by the computer vision system. 

Research results 

Initial trials utilizing 100% argon shielding were 
deemed unsuccessful due to the active formation of inter-
nal porosity within the deposited bead. Consequently, pure 
argon was excluded from further systematic quantitative 
analysis, and the study focused on the gradient of CO₂-Ar 
mixtures. 

Precision analysis of the cross-sectional macro-ge-
ometry revealed a strict, linear degradation of the thin-wall 
profiles as the CO₂ concentration increased (Figure 1). In 
the range of 5% to 25% CO₂, a gradual decrease in mass 
transfer was observed: the total wall height dropped from 

33.78 mm to 29.93 mm, while the corresponding average 
layer height decreased from 1.689 mm to 1.496 mm. This 
was accompanied by a linear reduction in the cross-sec-
tional area (F) from 178.73 mm² to 139.73 mm². However, 
the transition to 100 % CO₂ resulted in a catastrophic drop 
in geometric indicators (Table 1). The cross-sectional area 
plummeted to 98.22 mm², representing a 45% loss of ma-
terial compared to the 5 % CO₂ baseline, while the total 
height collapsed to 20.36 mm.  

 

 
Figure 1. Macrogeometric profiles and calculated contours of 

the deposited MoNiVa walls as a function of CO₂ concentration 

 
The average wall width exhibited a slightly different 

trend. The maximum width was recorded at 5–10 % CO₂ 
(5.46 mm). As the active gas fraction increased to 25 %, 
the bead gradually narrowed to 4.86 mm. Interestingly, at 
100 % CO₂, the average width marginally increased to 4.96 
mm, which, as subsequent visual analysis showed, was an 
artifact of severe spatial instability rather than uniform 
spreading. Statistical processing of the digitized bead 
masks provided an objective metric for assessing process 
stability. For the MoNiVa alloy system under thin-wall 
deposition parameters, an exceptionally stable technologi-
cal window was identified in the range of 5–18 % CO₂. 
Within this zone, the coefficient of variation (CV) for the 
wall width was exceptionally low, ranging from 1.30 % to 
1.87 % (Table 1), indicating near-perfect layer-by-layer re-
producibility. A progressive collapse of stability occurred 
at higher CO₂ concentrations. The transition to pure carbon 
dioxide caused the CV to surge to 4.90 %. Macroscopic 
evaluation of the wall surface at 100 % CO₂ (Figure 2) 
demonstrated severe spatial meandering of every single 
bead. This longitudinal wandering led to a complete dis-
ruption of interlayer cohesion and the formation of deep 
interpass valleys, directly causing the aforementioned drop 
in total height and area. 
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Table 1 – Energetic and geometric indicators of the MoNiVa WAAM process (WFS = 2.0 m/min, TS = 35 
cm/min) 

Shielding gas mix-
ture 

I average, 
А 

U average, 
V 

P average, 
W 

HI, 
J/mm 

Cross-sectional area F, 
mm² 

VED, 
kJ/cm³ 

5% CO₂ 94,5 11,9 1508,5 258,6 178,73 1,45 
10% CO₂ 93,0 12,5 1540,4 264,1 171,13 1,54 
15% CO₂ 92,0 12,7 1543,2 264,5 163,20 1,62 
18% CO₂ 83,6 13,0 1398,3 239,7 152,59 1,57 
25% CO₂ 77,5 13,5 1335,8 229,0 139,73 1,64 

100% CO₂ 66,3 14,2 1198,5 205,5 98,22 2,09 
 

 
Figure 2. Top view of the 100 % CO₂ deposited wall with 

severe spatial meandering 

This degradation was further confirmed by the Form 
Factor anomaly (φ), calculated as the ratio of average width 
to average layer height. Within the 5–25 % CO₂ technolog-
ical window, the Form Factor remained stable between 
3.23 and 3.38. However, at 100 % CO₂, this indicator 
anomalously spiked to 4.87, serving as a mathematical re-
flection of the severe height collapse and erratic material 
deposition. 

High-frequency data logging of the CMT power 
source parameters captured a pronounced electrical adap-
tation to the shielding gas effect on the process. While the 
wire feed speed was strictly fixed at 2.0 m/min, increasing 
the CO₂ concentration forced the equipment to elevate the 
average arc voltage from 11.9 V to 14.2 V. Simultaneously, 
the synergic control loop drastically suppressed the aver-
age welding current, which dropped from 94.5 A (at 5 % 
CO₂) to 66.3 A (at 100 % CO₂). This cyber-physical feed-
back directly impacted the energy balance. Contrary to ex-
pectations, the lowest linear heat input (HI) was recorded 
in the 100 % CO₂ environment (205.5 J/mm), whereas the 
optimal 10–15 % CO₂ mixtures generated approximately 
264.1–264.5 J/mm. However, integrating the heat input 
with the cross-sectional area exposed an extreme peak in 
the Volumetric Energy Density (VED). The 100 % CO₂ 
mode required the highest amount of energy to build one 
cubic centimeter of metal –2.09 kJ/cm³ – compared to just 
1.45 kJ/cm³ for the 5% CO₂ mixture. 

Discussion 

The complete failure to produce a defect-free thin 
wall in a 100 % argon atmosphere highlights the unique 
rheological challenges of HSLA steels. In pure argon, the 
absence of surface-active oxygen leads to a negative sur-

face tension temperature gradient, driving centrifugal Ma-
rangoni flows. More critically, alloying elements such as 
molybdenum and nickel significantly increase the kine-
matic viscosity of the MoNiVa molten pool. In thin-wall 
deposition, the small pool volume cools and solidifies ex-
tremely fast. Without the “fluxing” and viscosity-reducing 
effects of an active gas, evolving gases (such as hydrogen) 
become trapped within the rapidly freezing viscous molten 
pool, inevitably resulting in the severe internal porosity ob-
served during the initial trials. 

A crucial finding of this study is the identified “scale 
effect” of heat input on the thermohydrodynamics of the 
molten pool. Previous theoretical frameworks regarding 
WAAM of carbon steels suggest that adding CO2 improves 
wetting and spreading by generating active oxygen, which 
shifts the Marangoni flow from centrifugal to centripetal. 
However, our data on thin-wall structures (WFS =                   
2.0 m/min) proves the opposite. Under conditions of low 
overall heat input, the high energy demand for CO2 disso-
ciation drastically shortens the lifetime of the liquid phase. 
The molten pool “freezes” too rapidly, crystallizing before 
the centripetal thermocapillary flows can fully activate and 
redistribute the metal. Consequently, active gas additions 
on thin walls do not improve lateral spreading, leading in-
stead to the observed linear degradation of the cross-sec-
tional area. The catastrophic 45 % loss of cross-sectional 
area and the total loss of geometric stability (CV = 4.90 %) 
at 100% CO2 are directly attributed to the complex chemi-
cal rheology of MoNiVa steel. In highly oxidizing environ-
ments, refractory oxide films of molybdenum and vana-
dium form instantaneously on the pool surface. Unlike sim-
ple silicate slags, these films act as a rigid mechanical shell 
that completely blocks interlayer wetting. 

This oxide barrier, combined with the lowest heat in-
put dictated by the CMT synergic loop, creates a molten 
pool with extreme viscosity. As a result, a phenomenon of 
severe longitudinal meandering occurs. The highly con-
stricted arc column wanders across the pool surface search-
ing for conductive pathways, but the viscous, oxide-cov-
ered metal cannot flow quickly enough to follow the heat 
source. This disconnect between the arc pressure and fluid 
flow tears the molten pool stream apart, triggering Ray-
leigh-Plateau hydrodynamic instability. 
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The recorded electrical logs – where voltage in-
creased to 14.2 V and current plummeted to 66.3 A at 
100% CO2 – perfectly illustrate the thermodynamics of gas 
dissociation. The endothermic breakdown of polyatomic 
CO2 molecules extracts significant heat from the arc, con-
stricting its plasma column. To maintain a stable discharge 
against this cooling effect, the power source naturally ele-
vates the voltage. To compensate for this voltage spike, the 
cyber-physical CMT algorithm drastically suppresses the 
average welding current along a strict inverse vector. 

In standard GMAW processes, the current is intrinsically 
linked to the actual wire melting rate. We hypothesize that the 
synergic self-regulation of the CMT power source, by dropping 
the current so aggressively, effectively reduced the actual dep-
osition rate despite the programmed WFS. This hidden drop in 
productivity, coupled with massive spatter caused by the arc de-
flecting off the oxide shell, fully explains the extreme metal def-
icit. Therefore, the anomalous jump of the Form Factor (φ) to 
4.87 is not an indicator of a successfully flattened bead, but ra-
ther a mathematical proof of a “failed humping” effect: the spa-
tial wandering and spatter prevented vertical buildup, leaving a 
disjointed track with a microscopic average layer height. 

These interconnected phenomena culminate in the 
fundamental “energy paradox” of thin-wall WAAM. The 
100% CO2 mode exhibited the lowest linear heat input           
(HI = 205.5 J/mm). In traditional welding, lower heat input 
is often associated with better process control. However, in 
this free-form additive process, the constricted arc, impen-
etrable oxide barriers, and massive vaporization rendered 
the mode utterly unprofitable. The Volumetric Energy 
Density reached its maximum (VED = 2.09 kJ/cm³), mean-
ing the highest amount of energy was wasted per cubic cen-
timeter of successfully deposited metal. 

In conclusion, this study establishes strict boundaries 
of technological robustness for precision thin-wall WAAM 
of complexly alloyed HSLA steels like MoNiVa. Monogas 
shielding is fundamentally unviable: 100% argon induces 
porosity due to high viscosity and gas trapping, while 
100% CO2 triggers severe meandering, spatter, and hydro-
dynamic collapse. The optimal balance between molten 
pool viscosity, surface tension, and heat input is strictly 
confined to a narrow technological window of 15–18 % 
CO2, where perfect synergy between droplet transfer and 
mass assimilation is achieved. 

Conclusions 
This study establishes that the shielding gas oxidation 

potential is a critical factor governing the thermohydrody-
namics of low-heat-input thin-wall WAAM for complex 
HSLA MoNiVa steels. A fundamental “scale effect” was 
identified, which inverses the typical influence of active 
shielding gases observed in massive depositions. Specifi-
cally, monogas environments proved technologically unvi-
able for this alloy: 100 % argon induces severe internal po-
rosity due to high molten pool viscosity and the rapid freez-
ing of the small pool volume, whereas 100 % CO2 triggers 
hydrodynamic collapse. The highly oxidizing environment 
leads to the formation of rigid, impenetrable Mo-V oxide 

films, manifesting as severe spatial meandering and a cat-
astrophic 45% loss of cross-sectional area (dropping to 
98.22 mm²). 

Conversely, precision computer vision analysis statis-
tically justified an exceptionally stable technological win-
dow strictly within the range of 5–18% CO2. Within this 
gradient, the deposition achieves ideal layer-by-layer geo-
metric reproducibility with minimal stochastic waviness, 
maintaining a coefficient of variation between 1.30 % and 
1.87 % alongside a proportional and predictable bead form 
factor. 

Furthermore, these geometric transformations are in-
extricably linked to the formalized “energy paradox” of the 
cyber-physical CMT process. To compensate for the endo-
thermic dissociation in pure CO2, the synergic loop drasti-
cally suppresses the average current to 66.3 A, resulting in 
the lowest linear heat input of 205.5 J/mm. However, due 
to massive material loss and spatter, this mode is actually 
the least energetically efficient, driving the Volumetric En-
ergy Density to a maximum of 2.09 kJ/cm³. Ultimately, op-
timal energy efficiency (1.45–1.62 kJ/cm³) and stable mass 
transfer are achieved exclusively at 5–15 % CO2, proving 
that gas chemistry and molten pool rheology, rather than 
electrical power alone, fundamentally dictate the geometric 
and economic viability of the thin-wall WAAM process. 

References 
1. Zhang, H., Li, R., Liu, J., Wang, K., Qiu, W., Shi, 

L., & et al. (2024). State-of-art review on the process-struc-
ture-properties-performance linkage in wire arc additive 
manufacturing. Virtual and Physical Prototyping, 19(1), 
e2390495. 
https://doi.org/10.1080/17452759.2024.2390495 

2. Jafari, D., Vaneker, T. H. J., & Gibson, I. (2021). 
Wire and arc additive manufacturing: Opportunities and 
challenges to control the quality and accuracy of manufac-
tured parts. Materials & Design, 202, 109471. 
https://doi.org/10.1016/j.matdes.2021.109471 

3. Wang, Y., & Tsai, H. L. (2001). Effects of surface 
active elements on weld pool fluid flow and weld penetra-
tion in gas metal arc welding. Metallurgical and Materials 
Transactions B, 32, 501–515. 
https://doi.org/10.1007/s11663-001-0035-5 

4. Lu, S., Fujii, H., & Nogi, K. (2004). Marangoni 
convection and weld shape variations in Ar-O2 and Ar-
CO2 shielded GTA welding. Materials Science and Engi-
neering: A, 380(1-2), 290–297. 
https://doi.org/10.1016/j.msea.2004.05.057 

5. Wu, F., Falch, K. V., Guo, D., English, P., 
Drakopoulos, M., & Mirihanage, W. (2020). Time evolved 
force domination in arc weld pools. Materials & Design, 
190, 108534. 
https://doi.org/10.1016/j.matdes.2020.108534 

6. Cunningham, C. R., Flynn, J. M., Shokrani, A., 
Dhokia, V., & Newman, S. T. (2018). Strategies and pro-
cesses for high quality wire arc additive manufacturing. 
Additive Manufacturing, 22, 672–686. 
https://doi.org/10.1016/j.addma.2018.06.020 

91

https://doi.org/10.1080/17452759.2024.2390495
https://doi.org/10.1016/j.matdes.2021.109471
https://doi.org/10.1007/s11663-001-0035-5
https://doi.org/10.1016/j.msea.2004.05.057
https://doi.org/10.1016/j.matdes.2020.108534
https://doi.org/10.1016/j.addma.2018.06.020


p-ISSN 1607-6885 Нові матеріали і технології в металургії та машинобудуванні. 2026/2 
e-ISSN 2786-7358 New materials and technologies in metallurgy and mechanical engineering. 2026/2 

 
 

   

© Denys Molochkov, Kyrylo Krasnoselsky, 2026 

  DOI 10.15588/1607-6885-2026-2-10 

 

7. Kah, P., & Martikainen, J. (2013). Influence of 
shielding gases in the welding of metals. The International 
Journal of Advanced Manufacturing Technology, 64 (9–
12), 1411–1421. https://doi.org/10.1007/s00170-012-
4111-6 

8. Teixeira, F. R., Jorge, V. L., Scotti, F. M., Siewert, 
E., & Scotti, A. (2024). A methodology for shielding-gas 
selection in wire arc additive manufacturing with stainless 
steel. Materials, 17(13), 3328. 
https://doi.org/10.3390/ma17133328 

9. Silwal, B., Pudasaini, N., Roy, S., Murphy, A. B., 
Nycz, A., & Noakes, M. W. (2022). Altering the supply of 
shielding gases to fabricate distinct geometry in GMA ad-
ditive manufacturing. Applied Sciences, 12(7), 3679. 
https://doi.org/10.3390/app12073679 

10. Yamaguchi, M., Komata, R., Furumoto, T., Abe, 
S., & et al. (2022). Influence of metal transfer behavior un-
der Ar and CO2 shielding gases on geometry and surface 
roughness of single and multilayer structures in GMAW-
based wire arc additive manufacturing of mild steel. The 
International Journal of Advanced Manufacturing Tech-
nology. https://doi.org/10.1007/s00170-021-08231-8 

11. Kanishka, K., Acherjee, B., & et al. (2025). A 
study on the effect of shielding gases on the GMAW-
WAAM process and performance of WAAM-deposited 
low-carbon steel. International Journal of Materials Re-
search. https://doi.org/10.1515/ijmr-2024-0319 

 

12. Akbarzadeh, E., Yurtışık, K., Gür, C. H., & et al. 
(2024). Influence of shielding gas on the microstructure 
and mechanical properties of duplex stainless steel in wire 
arc additive manufacturing. Metals and Materials Interna-
tional, 30(7), 1977–1996. https://doi.org/10.1007/s12540-
023-01623-3 

13. Marefat, F., Kapil, A., Banaee, S. A., Van Ryme-
nant, P., & Sharma, A. (2023). Evaluating shielding gas-
filler wire interaction in bi-metallic wire arc additive man-
ufacturing (WAAM) of creep resistant steel-stainless steel 
for improved process stability and build quality. Journal of 
Manufacturing Processes, 88, 110–124. 
https://doi.org/10.1016/j.jmapro.2023.01.046 

14. Yang, G., Deng, F., Zhou, S., Wu, B., Qin, L., & 
Zheng, J. (2022). Influence of shielding gas nitrogen con-
tent on the microstructure and mechanical properties of Cu-
reinforced maraging steel fabricated by wire arc additive 
manufacturing. Materials Science and Engineering: A, 
832, 142463. https://doi.org/10.1016/j.msea.2021.142463 

15. Rodrigues, T. A., Duarte, V., Avila, J. A., Dias, 
M. R., Santos, T. G., & Oliveira, J. P. (2019). Wire and arc 
additive manufacturing of HSLA steel: Effect of thermal 
cycles on microstructure and mechanical properties. Addi-
tive Manufacturing, 27, 440–450. 
https://doi.org/10.1016/j.addma.2019.03.029 

Received 15.04.2026 
Accepted 24.04.2026 

Published 07.05.2026

УДК 621.791.75:621.7.01 

ВПЛИВ ОКИСЛЮВАЛЬНОЇ ДІЇ ЗАХИСНОГО ГАЗУ НА ГЕОМЕТРІЮ 
ТА ЕНЕРГЕТИКУ ДУГОВОГО 3D-ДРУКУ ВИСОКОМІЦНОЮ СТАЛЛЮ 
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Мета роботи. Встановлення закономірностей впливу концентрації вуглекислого газу (0–100 % CO₂) у захисній 
суміші з аргоном на зовнішню макрогеометрію (ширину, висоту, хвилястість) та енергетичні показники процесу 
формування тонкостінних структур з низьким тепловкладенням із високоміцної низьколегованої сталі (HSLA) 
MoNiVa з використанням роботизованого адитивного виробництва за технологією CMT (Cold Metal Transfer). 

Методи дослідження. Дослідження проводились із застосуванням роботизованого комплексу з джерелом 
живлення Fronius TPSi (режим CMT, швидкість подачі дроту 2,0 м/хв, швидкість зварювання 35 см/хв). Для 
усунення суб’єктивних похибок та аналізу стохастичної макрогеометрії розроблено метод комп'ютерного зору 
(OpenCV) на основі попіксельного інтегрування оптичних сканів (600 DPI, абсолютна похибка 0,045 мм). Син-
хронізація геометричних метрик з високочастотним (10 Гц) логуванням енергетичних параметрів дуги дозво-
лила оцінити питому об'ємну енергію (VED). 

Отримані результати. Під час тонкостінного наплавлення виявлено фундаментальний масштабний 
ефект. Використання моногазів виявилося технологічно недоцільним: 100% аргон провокує сильну внутрішню 
пористість через високу в’язкість розплаву та його швидке твердіння, тоді як 100 % CO₂ спричиняє просторове 
меандрування, гідродинамічний колапс та катастрофічну втрату 45 % площі поперечного перерізу. Визначено 
зону надвисокої технологічної стабільності в строгому діапазоні 5–18 % CO₂, де коефіцієнт варіації (CV) ши-
рини досягає мінімуму (1,30–1,87 %) при збереженні пропорційного форм-фактора валика. 

92

https://doi.org/10.1007/s00170-012-4111-6
https://doi.org/10.1007/s00170-012-4111-6
https://doi.org/10.3390/ma17133328
https://doi.org/10.3390/app12073679
https://doi.org/10.1007/s00170-021-08231-8
https://doi.org/10.1515/ijmr-2024-0319
https://doi.org/10.1007/s12540-023-01623-3
https://doi.org/10.1007/s12540-023-01623-3
https://doi.org/10.1016/j.jmapro.2023.01.046
https://doi.org/10.1016/j.msea.2021.142463
https://www.google.com/search?q=https://doi.org/10.1016/j.addma.2019.03.029


p-ISSN 1607-6885 Нові матеріали і технології в металургії та машинобудуванні. 2026/2 
e-ISSN 2786-7358 New materials and technologies in metallurgy and mechanical engineering. 2026/2 

 
 

   

© Denys Molochkov, Kyrylo Krasnoselsky, 2026 

  DOI 10.15588/1607-6885-2026-2-10 

 

Наукова новизна. Вперше формалізовано термогідродинамічний «масштабний ефект» у WAAM-технології 
для складних HSLA сталей. Доведено, що в умовах низького тепловкладення додавання активного газу не покра-
щує змочування, а навпаки, провокує швидку кристалізацію та утворення оксидних бар'єрів. Математично до-
ведено «енергетичний парадокс» процесу: незважаючи на те, що режим 100 % CO₂ має найнижче лінійне теп-
ловкладення (205,5 Дж/мм) завдяки синергетичному придушенню струму, він потребує найвищої питомої 
об'ємної енергії (2,09 кДж/см³) через критичне погіршення масопереносу. 

Практична цінність. Виявлене технологічне вікно (5–18 % CO₂) та формалізований енергетичний баланс 
для тонкостінних структур зі сталі MoNiVa слугують готовим фундаментом для мінімізації геометричних де-
фектів та максимізації енергоефективності на виробництві. Розроблений алгоритм машинного зору придатний 
для імплементації в системи керування WAAM із замкненим контуром для предиктивного коригування пара-
метрів у режимі реального часу. 

Ключові слова: дротове дугове адитивне виробництво, WAAM, холодне перенесення металу, CMT, висо-
коміцна сталь, MoNiVa; захисний газ, питома об’ємна енергія, комп’ютерний зір. 
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