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ABSTRACT: The article discusses the main steels that are used to make needles for knitting machines. Based on an analysis of
literature data, needles for knitting machines are primarily made of high-carbon steel, the main alloying elements of which are
carbon in an amount of about 1.0 wt. %, silicon (0.3—0.5 wt. %), manganese (0.55-0.75% by weight), and chromium (about 0.4%
by weight). In addition, these steels may contain microalloying additives, such as niobium in an amount of about 0.010% by weight.
The publicly available computer model has been expanded to simulate the heat treatment of new materials for knitting machine
needles. Using the developed computer model, the optimal structural and phase composition of the knitting needle material is
established, which confirms its performance characteristics. It is shown that computer simulation of heat treatment modes makes it
possible to conduct computer simulations of heat treatment modes with good accuracy and evaluate the effect of optimizing heat
treatment parameters to obtain the best properties. Based on the results of computer modeling, one or more promising heat treatment
modes can be selected, which can ultimately have a positive effect on the quality and service life of knitting needles.
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1. Introduction

According to the results of studies conducted in [1] on the wear resistance of five samples of knitting machine
needles from different manufacturers, the steel used to produce these needles has approximately the same chemical
composition, as shown in Table 1.

Table 1. Chemical composition of samples [1].

Chemical Composition in Mass. % *

Manufacturer C Si Mn
No. 1 0.96 0.39 0.61
No. 2 0.89 0.32 0.56
No. 3 0.90 0.34 0.65
No. 4 1.02 — 0.63
No. 5 1.04 0.45 0.25

* ITron—balance.

Statistical analysis of needle failures on knitting machines, presented in the same work, indicates that the failure
rates for various reasons are: heel fracture—0.82%, hook fracture—60.27%, latch displacement—~8.14%, hook
straightening—18.5%, others—11.22%. Fractographic studies of knitting needle fractures conducted by Krasovskii et
al. [2] confirm the modeling results carried out in [1] that the transition to the bending of the needle hook is the most
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stressed and prone to fracture. In addition, all studies [1-4] establish hook separation as the cause of more than half of
knitting needle failures—more precisely, approximately 60%. Therefore, there is reason to consider this type of failure
of knitting needles to be one of the priorities, since reducing the likelihood of the hook coming off will at least multiply
the service life of knitting needles in general. The authors of [3,4] also came to similar conclusions. In [5], a slightly
different approach was applied to solving the problem of hook separation: the authors researched optimizing the design
of the knitting needle. The basic premise of the work was that acceleration forces were the main factors contributing to
the breakage of hooks. The acceleration value determined in the work was used as input data to analyze the dynamic
load on the hook. In the works of Muayad and Habashneh et al. [6,7], it was demonstrated that changing the needle
design, if perceived as a beam, can reduce dynamic inertial forces, thereby reducing the risk of fatigue failure. In
addition, the data presented in the works of Muayad and Habashneh et al. enable a certain degree of determination of
the reliability of knitting needles to some extent, given the necessary data on the properties of the material and the
loading conditions of knitting needles. The loading conditions for knitting needles used for calculations can be taken
from the works [5,8]. A more uncertain situation arises with the definition of the material and its properties for knitting
needles: according to [9], a fairly wide range of steels with a wide variety of properties and characteristics can be used
for the manufacture of knitting needles, from ordinary carbon steels with a carbon content of 0.7 wt. % or higher, to
corrosion-resistant high-chromium steels such as X10Cr13, X20Cr13, X46Cr13, X65Cr13, X6Cr17, X6CrNil8-10 or
X10CrNil8-8.

However, the experimental data presented in [1,10] and based on real studies of the chemical composition of
commercial knitting needles indicate that the materials used in this case correspond primarily to supereutectoid steels
with an average carbon content of about 1 wt. %. In [10], data on optimal needle heat treatment from the authors’ point
of view; this technology involves subjecting the steel to spheroidizing annealing at 680—700 °C, followed by furnace
cooling. After that, the steel was heated in a nitrogen atmosphere to temperatures of 780—-800 °C (Figure 1) and kept at
this temperature for a period of 2 to 16 min (the optimal time, according to the authors of the work, is about 12 min)
and then cooled in an oil bath at a temperature of 80 °C. Needles cooled in an oil bath were subjected to tempering
operations at temperatures from 250 to 300 °C, while according to the authors of the work, the optimal tempering
temperature was 300 °C: despite the fact that there was a slight decrease in hardness (from 700 HV to about 630-650
HV), however, the final indicators of impact strength and fatigue strength The strength showed an increase of 45-50%
for impact strength and 20% for fatigue strength, respectively, compared with these parameters in the case of tempering
at a temperature of 250 °C.
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Figure 1. Phase composition of sample No. 6, calculated in a computer simulation of heat treatment.

Conducting field tests to optimize the modes of heat treatment of steels and alloys often associated with significant
labor, financial, and time costs. In this case, conducting computer experiments with subsequent analysis and simulating
heat treatment modes in a virtual environment can significantly reduce both the time needed to develop and implement



Advanced Materials & Sustainable Manufacturing 2025, 2, 10016 3of 9

a new technology and the cost of experimental research. In addition, in most cases, predictive technical and economic
analysis and assessment of the economic effects of introducing the developed technology, compared with the existing
one, are possible. A preliminary understanding of the feasibility of conducting final field tests to verify and fine-tune
the technological parameters and solutions found by computer modeling methods should eventually result in a decision
on their introduction into production.

To carry out a full-fledged cycle of empirical tests on the heat treatment of knitting needles, a considerable amount
of equipment is required, including one high-temperature furnace with an operating temperature of up to 1000 °C in a
neutral gas atmosphere, as well as one low-temperature furnace with a maximum operating temperature of up to 400 °C,
equipped with a device for mixing the atmosphere in the furnace, as well as various devices for quenching and tempering
and special baths with quenching media equipped with thermostabilization and mixing devices. In addition, serious
laboratory equipment is needed, including various hardness meters and devices for preparing metallographic grinders,
as well as a microscope for monitoring the structural and phase states and grain sizes. The approximate cost of one hour
of operation of the thermal section is about 500 CNY per hour, excluding the cost of equipment. The operating time of
the thermal section during a single experiment is at least 1 h, including heating the thermal furnaces to a preset
temperature, installing quenched needles in a special device, and other preparatory actions. The operating time of the
laboratory equipment during the analysis of one slot, including preparation, is at least 2 h, with an average cost of about
1000 CNY per hour, not including device costs. Thus, the cost of one empirical experiment will start at 2500 CNY,
excluding equipment costs, and will take at least 3 h. In the case of computer simulation, the cost of running a personal
computer does not exceed 50 CNY per hour, and the time for one experiment is no more than 10 min, of which about
half is spent entering the necessary data into the software package. Thus, at least 4 computer experiments can be
conducted in one hour, taking into account the time for technological breaks. That is, the cost of one computer
experiment will be about 12.5 CNY, about 200 times less than that of an empirical study.

2. Materials and Methods

The chemical composition shown in Table 2 for sample No. 6 correlates fairly well with the composition of sample
No. 4. These samples are likely very similar in chemical composition in terms of carbon and manganese content.
However, judging by the photo of the microstructure of this sample, it has a coarser structure of carbide particles,
moreover, some of the carbides have an angular shape. This may indicate that spheroidizing annealing was not
performed in the case of sample No. 4, or the parameters of this annealing were not optimal for improving the structure
of the carbide particles. In addition, to experimentally verify the adequacy of the model, an experiment was conducted
on a commercial steel sample with a composition similar to that of Sample No. 6. Thus, taking into account the added
data from [10] and the data from the commercial steel sample, Table 1 can be summarized as follows:

Table 2. Chemical composition of steel samples used in simulation.

Chemical Composition, Mass. % * Sample No. 6 ** Sample No. 7 ***
C 1.01 1.087 £ 0.008
Si 0.24 0.267 £0.007
Mn 0.71 0.703 £ 0.003
P 0.011 0.0104 = 0.0004
S 0.0025 0.0021 = 0.0001
Cr 0.409 0.398 +0.007
Mo 0.019 0.008 +0.001
Nb 0.010 0.012 +0.001

* Iron—balance; ** data on this chemical composition are presented in [10], *** commercial steel, chemical composition
determined experimentally.

In this work, the simulation of the heat-treatment modes for steel sample No. 6, listed in Table 1, was carried out
to optimize the structural and phase state and the required properties, according to the mode stated in [10] as optimal
for this steel. In our work, this simulation will be used to further verify the model used to simulate the considered heat
treatment parameters in relation to other m odes and steels.
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3. Results and Discussion

The applied model is based on Reference [11], and the modeling was performed using a software package from the
same study, with its functionality expanded. The most significant points of the functional expansion are presented below:

1. The formulas for calculating the temperatures of critical points Ae; and Ae; were replaced by the formulas
presented in [12] in order to more accurately account for the influence of the chemical composition of steels and
expand the ranges of chemical composition of applicable steels. To calculate the temperature of the critical point
Ae,, the new formula looks like this:

Ae; = 723 — 7.08 -Mn + 37.7 -Si + 18.1- Cr + 44.2 -Mo + 8.95 -Ni + 50.1- V + 21.7
‘Al + 3.18 W + 297-S — 830+ N — 11.5 -C-Si — 14.0 -Mn-Si — 3.10" Si
.Cr — 57.9 -C-Mo — 15.5 -Mn-Mo — 5.28+ C-Ni — 6.0 -Mn-Ni + 6.77- Si (1)
“Ni — 0.80 -Cr-Ni — 27.4- C-V + 30.8 -Mo-V — 0.84 - Cr? — 3.46- Mo?
— 0.46 -Ni2 —28- V2

a new formula for calculating the Ae; critical point:

Ae; = 912 — 370 C — 27.4 -Mn + 273+ Si — 6.35- Cr — 32.7 -Ni + 95.2 -V + 190 - Ti
+ 72.0- Al + 64.5- Nb + 557- W + 332 -S + 276- P + 485- N — 900-B
+ 16.2 -C-Mn + 323 -C-Si + 154- C-Cr + 48.0- C-Ni + 4.32- Si-Cr )
— 173 -Si-Mo — 18.6- Si-Ni + 4.80- Mn-Ni + 40.5 -Mo -V + 174 - C?
+ 2.46- Mn? — 6.86- Si* + 0.322- Cr? + 9.90 - Mo? + 1.24 -Ni® — 60 - V?

where Mn, Si, Cr, Mo, Ni, V, Al, W, S, N, C, Ti, Nb, P, and B are the contents of the corresponding alloying elements
in mass %.

Equations (1) and (2) enable a more accurate consideration of the influence of the chemical composition of steel
on the position of critical points. The values of the critical points are displayed on the screen as reference information,
which is necessary to determine the austenitization temperature.

2. A block of code has been added to predict the maximum possible grain size of austenite depending on the chemical

composition and set temperature of austenitization of steel. Formulas for calculating grain size are presented below:

— the natural logarithm of grain size when heated to a temperature in the range (Acl <T < Ac3) can be estimated
using the formula:

InF;, =-13-29-Si—-2-Cr—3-Mo—12-V+22-Al4+30-Ti—500-B—-50-Ce—1.6-Cu
+11-Mn-Cr-Mo+ (7.4-082-Mn+1.6-Si+3.3:-Cr+4.4-Mo+ 0.41-Ni+ 20
V—60-Ti—43-Al4+16-Nb+085-W+0.95-Cu+560-B+70-Ce— (0.27 3
-Cr+0.75 - Mo) - Mn — (0.67 - Mo + 0.05 - Ni + 0.5V + 1.8 - Ti + 1.5+ Al + 0.6 - Nb )
—2:Ce):Cr)'T-1073+ (0.3:Si—0.45-Mn—0.9-Cr—1.3-Mo — 0.26-Ni— 7.9
*V+25-Ti+20-Al—1.4-Nb—0.8-W—25-Ce)-T-107°

— the natural logarithm of grain size when heated to a temperature in the range (Ac3<T < Ac3 + 500) is estimated
using the following formula:

InF, =7.3+0.27- Mn—0.75 - Si+0.45- Cr+0.83 -Mo + 0.15- Ni+ 0.4- V— 1.1 - Ti— 0.53
- Al—0.31 -Nb—0.52 -Cu + 95 -B — 3.1- Ce — (0.44 -Cr + 1.5 - Mo) - Mn
— 14 -Cr-Mo+2- Mn-Cr-Mo+ (6.6 +24 -Si + 1.8 -Cr + 1.2 -Mo + 4- V
+ 98 Ti+ 95 -Al + 0.95- Cu + 530 B + 10- Ce — 0.82 -Mn-Mo — (0.58 (4
Mo + 0.6- Ni + 0.6-V + 23-Ti + 1.9 -Al + 0.7 -Nb — 2- Ce) - Cr
+ (=0.55- Mn — 0.81- Cr — 1.3 -Mo — 15- V + 28 -Ti + 18- Al — 1.3- Nb
— 0.8-W — 31- Ce)-AT-1073)- AT-1073

where Mn, Si, Cr, Mo, Ni, V, AL, W, S, N, C, Ti, Nb, P, B, Ce are the contents of the corresponding alloying elements
in mass %,

F,, F, are the grain area, respectively, at the temperature Acl and at the austenitization temperature, microns,

T is the heating temperature, °C (for Equation (3))

AT is the difference between the current temperature and the Ac3 temperature (for Equation (4)).

Further, the natural logarithm of the resulting grain area can be determined according to the expression:

lnF = lrlF1 + lnFZ :ln(F1 Fz) (5)
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Furthermore, knowing the area of the austenitic grain, the diameter of the austenite grain can be determined. The
calculation of the grain size of austenite is carried out in this case without taking into account the duration of-exposure
time, since the knitting needles do not belong to massive parts and, therefore, the time for their complete austenitization
is a matter of minutes. In this case, it is natural to omit the effect of exposure time on grain size, since the growth of
austenite grains after complete austenitization is predominantly diffusive in nature and, therefore, obeys the laws of
diffusion. Accordingly, taking into account the grain size depending on the exposure time makes sense only for long
exposures of several tens of minutes or more. In the case of austenitization of knitting needles, their high—temperature
exposure time before quenching is usually no more than 10 min (the maximum austenitization time is 16 min according
to [10])—during this period, there is no noticeable growth of the austenitic grain.

Predicting the size of an austenitic grain is very important from the point of view of ensuring the ductility and
fatigue strength of knitting needle material after quenching: it is a well-known fact that the size of an austenitic grain at
the time of quenching inversely correlates with the parameters of plasticity and fatigue strength. That is, the finer the
austenite grain is obtained before quenching, the higher the characteristics of ductility, toughness and fatigue strength
will be obtained on the finished part after its heat treatment.

To increase the adequacy of the model, it was assumed that the chemical composition of the steels listed in Table
1 of [1] corresponds to that of carbon steels, which contain only carbon, silicon, and manganese as the main alloying
elements, and the remaining impurities correspond to the average content of impurities according to the
recommendations of the relevant standards. This assumption is made based on the fact that in [1] the content of other
alloying elements in the steels under consideration is not given (this, in particular, refers to the content of chromium,
nickel, vanadium, molybdenum, and other elements). At the same time, ref. [10] provides a more complete composition
of similar steels, which, in addition to the main alloying elements, includes data on the contents of chromium,
molybdenum, niobium, sulfur, and phosphorus.

Based on this, it is advisable to construct a phase diagram for steel sample No. 6 over the temperature range from
80 to 900 °C. The phase diagram shown in Figure 1 indicates that there are three main phases in steel within a given
temperature range: ferrite, cementite, and austenite.

In the temperature range from 80 to 721 °C, steel is represented by two main phases: ferrite and cementite, which are
part of perlite. When heated above 721 °C, a third phase appears—austenite, into which ferrite begins to transform and in
which cementite begins to dissolve, the complete transformation of ferrite into austenite in this steel ends at a temperature
of 736 °C, and at higher temperatures in the material, there are again only two phases: austenite and cementite.

At the same time, regardless of whether there is a further increase in temperature, the cementite dissolution process
continues, and a further increase in temperature intensifies the dissolution of cementite. As a result, by the time the sample
temperature reaches 800 °C, according to the phase diagram, there is still about 2.3 mass% of cementite left. The rest of
the cementite dissolves and enriches the austenite with carbon and alloying elements, in particular chromium. At that time,
the carbon concentration in austenite reaches 0.88 wt. % (at the time of the beginning of austenite formation, the carbon
concentration in it is about 0.69—0.71 wt. %), and cementite is enriched with chromium, the concentration of which reaches
3.25 wt. % at 800 °C (see Figure 2). Taking into account the fact that before quenching, the steel was previously subjected
to spheroidizing annealing, as a result of which the entire cementite acquired a spherical shape with a diameter of spheroids
from 0.62 to 0.69 microns, the process of cementite dissolution at the first stage is quite intense.

At the same time, chromium enrichment of cementite gradually increases the stability of cementite and the
dissolution process begins to slow down. As a result, by the time the hardening is carried out, there are 2.2-2.3 mass %
chromium—doped cementite and austenite with a carbon content of about 0.88—0.90 wt. %. During cooling in oil heated
to 80 °C, y—a transformation of austenite occurs, and cementite does not undergo transformations. The average
calculated cooling rate in this case was about 4.5-4.6 °C/s, and the formed structural-phase state corresponded to a
bainitic-martensitic mixture with distributed carbide inclusions. The data presented in [13—16] were used to model the
temperature dependence of the chemical composition of austenite and cementite.

Figure 3 shows the dynamics of phase transformations occurring during quenching of the material of sample No.
6 from a temperature of 800 °C in oil heated to 80 °C. As can be seen from the diagram in the figure, the final structural-
phase state in this case is represented by bainite, martensite and carbide. At the same time, the presence of residual
austenite in the amount of about 1.5-1.8 vol. % is also noted. It should be noted that in [10] no mention was made of
residual austenite, but its presence was not refuted.



Advanced Materials & Sustainable Manufacturing 2025, 2, 10016 6 of 9

—==(Cr —-Mn —C

Content. mass,
=4
N
Content, mass.

=
IS

5
0.2 /
1

0.0

720 730 740 750 760 770 780 790 800 0 o & N =
Temperature, °C 40 140 240 340 440 540 640 740
Temperature, °C

(a) (b)

Figure 2. Dependence of the chemical composition of austenite (a) and cementite (b) on the temperature of sample No. 6.
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Figure 3. Dynamics of decomposition of supercooled austenite in sample No. 6 upon cooling from a temperature of 800 °C in oil
at 80 °C (cooling rate—4.5 °C/s).

Experimental verification of the simulation results of the heat treatment of sample No. 7 was performed on
cylindrical samples with a diameter of 1.2 mm and a length of 150 mm. Taking into account the fact that samples No.
6 and No. 7 have a fairly similar chemical composition, computer modeling showed results similar to those for sample
No. 6. Experimental verification of the simulation results also demonstrated results similar to the model. During
experimental verification, 3 samples of steel No. 7 were rigidly clamped in a special mandrel, which excluded their
deformation, and then subjected to heat treatment similar to the recommendations [10]. However, the austenitization
temperature was selected based on the results of computer modeling: for example, the austenitization temperature as a
result of simulation to find the optimal austenitization temperature It was recommended to reduce it to 792 °C compared
to 800 °C for sample No. 6, which was recommended in [10]. As a result, austenitization of sample No. 7 was carried
out by placing the mandrel with the samples clamped into it in a preheated furnace filled with nitrogen to a temperature
0f 790 °C, and the samples were kept in the oven for 14 min, of which 4 min was spent heating the mandrel with samples
to the austenitization temperature and 10 min of austenitizing exposure. After the exposure was completed, the samples
were removed from the furnace and quenched in oil heated to 80 °C. Then the tempering was carried out in an oven
equipped with an air mixing device and heated to 250 °C. The release lasted 60 min, after which the mandrel with the
samples was removed from the furnace and cooled in water to room temperature. Upon completion of cooling, the
sample mandrel was removed from the water, and then the samples were removed. Two fragments with a length of 5
mm each were cut from each sample. The cutting was performed on a specialized cutting machine, “Microcut—-201".
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Then, the cut-out samples were placed in a bakelite compound using a METAPRESS metallographic press in such a
way that for each initial (out of three) sample, one fragment located along the wire axis (longitudinal sample) and one
fragment located across the wire axis (transverse sample) were packed into bakelite. The bakelite-packed samples were
sanded and polished using an automatic DIGIPREP grinding and polishing machine. Diamond discs with a grain size
of 54, 30, and 15 microns were used as grinding materials. Metallographic grinding was carried out on diamond discs
with a grain size of 6 and 3 microns, and then on “MET-Mambo” and “MET-Fox” cloths using diamond suspensions
with a grain size of 1 and 0.2 microns. The identification of the phase components of the microstructure was carried out
by etching with Berakha’s reagent “3/10” (distinguishing bainite and martensite) and Groesbeck’s reagent
(distinguishing carbides and austenite). The phase composition and phase ratio were determined according to the
methods [17,18].

The theoretically calculated hardness index for sample No. 6 is 805 HV and for sample No. 7 is 811 HV, which
also correlates fairly well (R = 0.98) with the hardness value given in [10]—more than 800 HV after 10 min of
austenitization at 800 °C. Graphs of the final hardness of the material of sample No. 6 after tempering are shown in
Figure 4. The duration of the tempering was chosen to be 30, 60 and 90 min, and the temperature range was from 200
to 300 °C. As can be seen from the hardness graph, the model used also shows a high level of correlation with the
experimental data presented in [10]. A comparison of the simulation and empirical experiment results for sample No. 7
is presented in Table 3.
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(=)
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600

550

500
200 210 220 230 240 250 260 270 280 290 300
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Figure 4. Dependence of the hardness of sample No. 6 after quenching on temperature and tempering time.

Table 3. Comparison of the results of the computer simulation and physical experiment on quenching sample No. 7.

Data Indicator Simulation Data Experimental Data Correlation
Volume fraction of martensite, % 67.19 69.07 £ 0.07 0.97
Volume fraction of bainite, % 20.91 21.35+0.06 0.98
Volume fraction of cementite, % 10.50 8.73 £0.08 0.80
Volume fraction of austenite, % 1.40 0.85+0.11 0.65
Hardness after quenching, HV 811 819+4 0.99
Austenite grain diameter, microns 18.7 16.9+0.3 0.90
Hardness after quenching and tempering 712 708 + 4 0.99

The Yust model was used to predict hardness after tempering, and the Hollomon—Jaffe parameter was used to
estimate temperatures and tempering times beyond the recommended values (T = 390-660 °C and t = 60 min) [13,19].
As shown in Figure 4, the final hardness of steel is affected not only by temperature but also by tempering time. As
noted in [10], the optimal vacation parameters are a temperature of 250 °C and a vacation time of 60 min. With these
parameters, the hardness of the steel is about 700 HV, however, the sample in this case withstood 25% more cycles of
loading without destruction compared to the tempering temperature of 250 °C.
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4. Conclusions

As noted in [2], the optimal parameters of tempering are a temperature of 250 °C and a time of 60 min. With these
parameters, the hardness of the steel is about 700 HV, however, the sample in this case withstands 25% more cycles of
loading without destruction compared to the tempering temperature of 250 °C. The explanation presented in [2]
indicates that tempering for 60 min at 300 °C contributes to a more complete release of martensite from dissolved
carbon and the formation of finely dispersed isolated inclusions of carbides at the martensite boundaries. However, a
tempering temperature of 300 °C leads to a significant decrease in the hardness and strength of steel, which in turn
increases the risk of knitting needles failing for other reasons, excluding fatigue. When the tempering time was exceeded
by more than 60 min, the authors observed the fusion of carbides and a significant increase in their size, which negatively
affected plasticity. At a tempering temperature of 250 °C, a smaller number of finely dispersed inclusions were observed,
which suggests that the supersaturation of the martensite crystal lattice with carbon remains; however, in this case, an
optimal combination of both strength properties and elastoplastic characteristics was observed. This, in turn, guarantees
the greatest service life of knitting needles.

The computer model allows you to calculate the parameters of heat treatment, while key indicators such as hardness
and grain diameter show a match with a probability of at least 0.90. At the same time, the model tends to overestimate
the grain diameter, whereas in practice this indicator is somewhat smaller. The situation with hardness is not entirely
clear: the model tends to slightly decrease hardness after quenching, but the calculated final hardness (after quenching
and tempering) exceeds the actual value. However, the hardness values correlate with an accuracy of 0.99, and the
discrepancies are mostly attributable to measurement errors. Thus, the computer simulator of heat treatment presented
in this paper can generally be used as an alternative to empirical experiments, thereby significantly saving time and
resources when optimizing the modes of heat treatment for knitting needles.
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