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Âëèÿíèå Si è Mn íà ìèêðîñòðóêòóðó è ìåõàíè÷åñêèå ñâîéñòâà ñïëàâà
Al–4,5Cu, ïîëó÷åííîãî ëèòüåì ìåòîäîì âàêóóìíîãî âñàñûâàíèÿ
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Ãîñïèòàëü òðàäèöèîííîé êèòàéñêîé ìåäèöèíû â Ôàíãòå, îêðóã Ñóíöçÿí, Øàíõàé, Êèòàé

Âûñîêàÿ ýôôåêòèâíîñòü ñïëàâîâ çàâèñèò îò ìèêðîñòðóêòóðû, ïðè ýòîì ëåãèðóþùèå ýëåìåíòû îêàçûâàþò çíà÷èòåëüíîå âëèÿíèå íà ìèêðîñòðóêòóðó. Â ìàòðèöó ñïëàâà Al–4,5Cu äîáàâëÿëè ðàçëè÷íîå êîëè÷åñòâî ëåãèðóþùèõ ýëåìåíòîâ Si è Mn äëÿ èçó÷åíèÿ èõ âëèÿíèÿ íà
ìèêðîñòðóêòóðó è ìåõàíè÷åñêèå ñâîéñòâà. Êîìáèíèðîâàííûå ñïëàâû îòëèâàëè ìåòîäîì
âàêóóìíîãî âñàñûâàíèÿ. Ìèêðîñòðóêòóðó êîìáèíèðîâàííûõ ñïëàâîâ èññëåäîâàëè ñ ïîìîùüþ
ðàñòðîâîãî ýëåêòðîííîãî ìèêðîñêîïà. Ìåõàíè÷åñêèå ñâîéñòâà îïðåäåëÿëè ïðè èñïûòàíèè íà
óíèâåðñàëüíîé ìàøèíå è ïîñðåäñòâîì òåñòåðà ìèêðîòâåðäîñòè. Ïðîàíàëèçèðîâàíû ýêñïåðèìåíòàëüíûå ðåçóëüòàòû äëÿ ñïëàâîâ ñ ðàçëè÷íûì ñîäåðæàíèåì Si è Mn. Óñòàíîâëåíî, ÷òî ñ
óâåëè÷åíèåì ñîäåðæàíèÿ Si è Mn ïîÿâëÿåòñÿ íåðåãóëÿðíàÿ ÷åøóé÷àòàÿ ñòðóêòóðà. Òâåðäûé
ðàñòâîð ñ íåðåãóëÿðíîé ÷åøóé÷àòîé ñëîèñòîé ñòðóêòóðîé ïîëó÷åí ïðè ñîäåðæàíèè Si è Mn
3 âåñ.%. Ìàêñèìàëüíûé ïðåäåë ïðî÷íîñòè (205,87 ÌÏà) òàêèõ ñïëàâîâ ïîëó÷åí ïðè ñîäåðæàíèè
Si è Mn 1 âåñ.%, îòíîñèòåëüíîå óäëèíåíèå äîñòèãàåò 34,97%, ìèêðîòâåðäîñòü – 74,6 HV.
Ïðè ñîäåðæàíèè Si è Mn 2 âåñ.% ïðåäåë ïðî÷íîñòè ÿâëÿåòñÿ íàèìåíüøèì (146,65 ÌÏà),
îòíîñèòåëüíîå óäëèíåíèå ñîñòàâëÿåò 24,15%, ìèêðîòâåðäîñòü – 60,2 HV. Îòíîñèòåëüíîå
óäëèíåíèå êîìáèíèðîâàííûõ ñïëàâîâ óìåíüøàåòñÿ ñ óâåëè÷åíèåì ñîäåðæàíèÿ Si è Mn.

Êëþ÷åâûå ñëîâà: ñïëàâ Al–4,5Cu, ìèêðîñòðóêòóðà, Si–Mn, ìåõàíè÷åñêèå ñâîéñòâà,
ëèòüå ìåòîäîì âàêóóìíîãî âñàñûâàíèÿ.
Introduction. Al–4.5Cu alloy are widely used in many industry fields, such as the
aerospace, automotive, aircraft, shipbuilding, construction, chemical industry and national
defense, because of its low density, good plasticity, high specific strength, good corrosion
resistance, good formability, good electrical conductivity and thermal conductivity, etc. The
main strengthening phase of Al–Cu alloy is CuAl2, which has strong time-hardening ability
and thermal stability, so Al–Cu alloy has high temperature performance and high room
temperature strength [1].
The casting performance of Al–4.5Cu is poor, because Al–Cu casting alloy is a solid
solution type alloy. It has many characteristics, such as: a small amount of co-crystal, a
wide range of crystallization temperature, dendrite developed resulting in poor fluidity of
liquid alloy and the shrinkage than Al–Si alloy to large from liquid to solid. So, it makes
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thermal cracking, shrinkage, segregation and other defects [2, 3]. However, these drawbacks
can be improved by adding some alloying elements [4].
Many studies have shown that silicon is the most important single alloying element,
which is always used in the aluminum cast alloys to improve the casting properties of Al–Si
alloys by increasing the fluidity and reducing solidification shrinkage [5, 6]. Meanwhile,
the performance of casting alloy is sensitive to the content of Mn, which always is under
the control of 1.0~1.6 wt.% [7]. In commercial Al–Cu–Si–Mn–X (X represents other
elements) alloys, Mg2Si, Al5FeSi, a-AlFeMnSi, AlCuMgSi, and CuAl2 are the second
phase, which have influence on the microstructure and mechanical properties [8].
Furthermore, the content of Mn has the largest effect on the transformation rate of Al5FeSi
to a-AlFeMnSi [9, 10].
The traditional casting process of Al-based alloys containing Si and Mn is simple and
practicable. However, thermodynamic optimizations have been performed for the Si–Mn
binary system. As for the Si–Mn system, all the available descriptions had certain
disadvantages [11, 12]. Aluminum-copper alloy with the addition of Cu element has a good
mechanical properties and room and high temperature performance. When the Cu content is
4.0~6.0 wt.%, the tensile strength of the alloy reaches its maximum, so Al–Cu alloy
mechanical properties higher [13].
The vacuum suction casting (VSC) is a popular technology process. It is beneficial to
improve mechanical properties, because of its fast melting and smooth filling, less casting
porosity and slag, and cooling in the copper mold, resulting in the small and uniform grain
structure [14]. Therefore, the VSC method in this article is used to prepare Al–Cu–Si–Mn
quaternary alloy.
The aim of this work is to study the effect of alloying elements Si and Mn on
microstructure and properties of Al–4.5Cu alloy. Firstly, compounded alloy (CA) is
prepared using VSC method by changing the contents of alloying elements Si and Mn.
Secondly, microstructure is investigated by SEM. And, mechanical properties of CA are
compared using experimental results. Finally, analysis and discussion are carried out to
make some conclusions.
1. Experimental Procedure.
1.1. Vacuum Suction Casting. CA castings were conducted by high-vacuum arc
melting and suction-casting based on Al–4.5Cu alloy. The high-vacuum melting and
suction-casting equipment is used in this experiment, shown in Fig. 1. The arc gun is
cerium-tungsten rod, which is attached to water-cooled copper electrode. The furnace is
filled with high-purity inert gas to avoid oxidation reaction.

Fig. 1. Experimental equipment of vacuum suction casting.

The procedure of CA castings was divided into four steps. The first step is to weigh
0.9 g high-purity Cu and 0.9 g high-purity Al, and melt in furnace. Secondly, different
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content of Si and Mn were weighed and added into Al–Cu alloy. Detailed percentages of
different alloying elements within CA are listed in Table 1. Thirdly, CA with different mass
fraction of Al–Cu–Si–Mn was melted and fully mixed in a high-vacuum arc melting
furnace. Finally, CA was sucked into the graphite nozzle with the hole diameter about 2.5
mm under the protection of argon gas, and casted into copper mold. It was cooled in
vacuum to obtain a homogeneous CA bar. The alloy rod is divided into a small cylinder,
whose height is about 15 mm, to study the effect of Si and Mn on the properties of
Al–4.5Cu alloy.
T a b l e 1
Chemical Compositions of Alloys Studied (mass fraction %)
Samples

Cu

Si

Mn

Al

Al–4.5Cu
Al–4.5Cu–1Si
Al–4.5Cu–1(Si–Mn)
Al–4.5Cu–2(Si–Mn)
Al–4.5Cu–3(Si–Mn)

4.5
4.5
4.5
4.5
4.5

–
1.0
1.0
2.0
3.0

–
–
1.0
2.0
3.0

Bal.
Bal.
Bal.
Bal.
Bal.

1.2. Microstructure Investigation. The observed specimens were prepared as small
square pads by cutting from CA bar of VSC for the sake of microstructure investigation.
The thickness of small square pads is 5 mm, and the length of side is 8 mm. The observed
specimens were polished to reveal the CA microstructure. The microstructure of CA was
observed by Hitachi SU8070 SEM.
1.3. Mechanical Properties Tests. Two tests, microhardness test and tensile test, need
to be conducted to evaluate the mechanical properties of CA. Microhardness test is used to
measure microhardness of CA. The test specimens are consistent with the observed
specimens. And, tensile test is used to measure the stress-strain relationship, i.e., tensile
strength.
1.3.1. Microhardness Test. Microhardness of CA is measured by the following test.
The test specimens were prepared as cylinders with the length of 12 mm and diameter of
10 mm using wire-cut electrical discharge machine. Then the test samples were polished,
and put into an ultrasonic cleaner to clean with alcohol, then dried by a blower. The
MHVD-1000IS image analysis multifunctional digital microhardness tester was used to
measure the microhardness of specimen. Figure 2 shows the distribution of the force on the
specimen. Four angular symmetrical heads were used to measure the HV. The maximum
load of 200 N was applied with 3 s. And, seven consecutive points within specimens were
selected to measure the microhardness, their average value was recorded as final value of
microhardness.

Fig. 2. Distribution of the force on the specimen.
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1.3.2. Tensile Test. Tensile test was conducted on a JVJ-50s microcomputer controlled
electronic universal testing machine. Stress-strain curves were measured at a tensile speed
of 3 mm/min and room temperature during tensile test. Tensile tests were controlled by
computer. Strains were measured by extensometer. The tensile test is automatically
stretched by the universal drawing instrument. The global strains have been corrected
taking into account the machine stiffness. Tensile specimens were stretched with three
times to failure under the same tensile condition. And, the average value of the tensile test
results was selected as the final experimental data.
Tensile test specimens were prepared as “dog bone” sheet by cutting from CA bars
along the longitudinal direction using wire-electrode cutting. The shape and dimension of
tensile test specimens is shown in Figs. 3 and 4. As shown in Fig. 3, the original gauge
length of the tensile specimen is 13 mm, the width is 3.5 mm, and the thickness is 1.4 mm.
And then, the tensile test specimens were polished on the abrasive paper to remove the
cutting marks completely to prevent stress concentration and cracks formation during the
tensile test.

Fig. 3. The shape and dimensions of tensile specimens.

a

b

Fig. 4. Tensile specimens: (a) before the tensile test, (b) after the tensile test.

2. Results and Discussion.
2.1. Effect of Both Si and Mn on Microstructure of CA. Figure 5 shows the
microstructures of CA with different content of Si and Mn alloy elements. It can be seen
from Fig. 5. that a-Al phase matrix and solid solution change with the increases of Si and
Mn alloy element. As shown in Fig. 5a, a small amount of Si and Mn elements make the
grain structure of CA refinement. The structures of CA are arranged closely and cross-fused
to each other. A small amount of small-size solid solution is found in the Fig. 5. Solid
solution as the second phase has a certain impact on the performance of CA. That is
because that although Si and Mn alloy elements can optimize the properties for the
castings; Si and Mn are also known as an impurity for aluminum-copper alloys.
As shown in Fig. 5b, the structure of CA exhibits irregular sheet lamination and
distributs unevenly. The grain boundary voids is too large. The grain size in Fig. 5b is
obviously larger than Fig. 5a. There are inclusions and lamellar structures in Fig. 5b. The
sheet-like lamellar structure is an impurity ternary phase formed by Si and Mn, and
produces some large-sized inclusions. They are not conducive to improve the performance
of CA, and reduce the tensile stress and microhardness.
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a

b

c

Fig. 5. Microstructures of Al–4.5Cu–1(Si–Mn) (a), Al–4.5Cu–2(Si–Mn) (b), and Al–4.5Cu–3(Si–
Mn) (c) alloys.

As shown in Fig. 5c, with the increase of Si and Mn content, Si and Mn in the
aluminum-copper alloy are supersaturated and partially solid solution, resulting in solid
solution strengthening. Part of the emergence of a wide range of compound structure,
resulting in a better refinement effect, increased tensile stress. But the large size inclusions
in the tissue and the elongated grain boundaries make the tensile stress of high Si and Mn
content reduced.

Fig. 6. Effect of both Si and Mn on microhardness of CA.

2.2. Effect of Both Si and Mn on the Microhardness of CA. Figure 6 shows effect of
both Si and Mn on microhardness of CA. As shown in Fig. 6, the microhardness variation
trend with content of Si and Mn is the same as the tensile stress for CA. The microhardness
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reaches 74.6 HV when the Si and Mn are both 1 wt.%. As shown in Fig. 6, with the
increase of Si and Mn content from 1 to 2 wt.%, the microhardness of CA decreases from
74.6 to 60.2 HV, i.e., decreases about 28.8%. As shown in Fig. 6, when the content of Si
and Mn was 2 wt.%, the microhardness reached the lowest point 60.2 HV. Compared with
A1–4.5Cu–1(Si–Mn), Al–4.5Cu–2(Si–Mn) decreases about 18.8%. When content of Si and
Mn are 3 wt.%, the microhardness reaches 89.4 HV, which increases by 48.4% compared
with Al–4.5Cu–2(Si–Mn).
2.3. Effect of Both Si and Mn on the Tensile Properties of CA. Figure 7 shows effect
of both Si and Mn on tensile stress and elongation of CA. The maximum force-strain
relationship of different content Si and Mn alloys are plotted in Fig. 7a. The ultimate tensile
stress and elongation of different content Si and Mn alloys are plotted in Fig. 7b. Table 2
shows mechanical properties of CA. Al–4.5Cu–1(Si–Mn) alloy with the addition of 1 wt.%
Si and 1 wt.% Mn has obviously higher ultimate tensile stress than Al–4.5Cu alloy. Its
ultimate tensile stress reaches 205.87 MPa. It was found that the elongation has been
declining with content of Si and Mn increased. Al–4.5Cu alloy has obviously higher
elongation than others. Its elongation reaches 41.66%.
T a b l e 2
Mechanical Properties of CA
Samples

Stress (MPa)

Elongation (%)

Hardness (HV)

Al–4.5Cu
Al–4.5Cu–1(Si–Mn)
Al–4.5Cu–2(Si–Mn)
Al–4.5Cu–3(Si–Mn)

173.182
205.867
146.654
169.970

41.657
34.966
24.146
18.963

61.5±1.4
74.6±4.6
60.2±0.2
89.4±9.3

a

b

Fig. 7. Effect of both Si and Mn on maximum force-strain curves (a) and ultimate tensile stress and
elongation of CA (b).

Comparison of michenical properties is conducted between A1–4.5Cu–1(Si–Mn) and
Al–4.5Cu in Figs. 6 and 7. It shows that a small amount of Si and Mn elements can enhance
the tensile strength and microhardness of Al–4.5Cu alloys. Because a small amount of Si
and Mn elements have the role of grain refinement. The finer grain structure, the more
number of grains are in a certain volume. The effect of grain refinement strengthening is
obvious. The tensile stress of A1–4.5Cu–1(Si–Mn) increases about 18.5% and the microhardness increases about 21.5%. Meanwhile, alloy elongation decreases. The elongation
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decreases about 14.6%. Therefore, adding a small amount of Si and Mn elements will help
to improve the mechanical properties of Al–4.5Cu alloys.
The Si and Mn elements are apt to form the Al10Mn2Si and Al6Mn in the
aluminum-copper alloy. Wherein, Al6Mn is formed in the form of fine flaky needle-like by
the peritectic reaction at 983 K [15]. At room temperature, the main second phase of alloy
Al6Mn also can improve the performance.
As shown in Fig. 7, with the increase of Si and Mn content from 1 to 2 wt.%, the
ultimate tensile stress of CA decreases from 205.87 to 156.65 MPa, i.e., decreases about
28.8%, but the elongation keep constant. As shown in Fig. 6, when the content of Si and
Mn is 2 wt.%, the microhardness reaches the lowest point 60.2 HV. Compared with
A1–4.5Cu–1(Si–Mn), A1–4.5Cu–2(Si–Mn) decreases about 18.8%. Research has shown
that Al and Mn form fine dispersed Al6Mn particles to promote the formation of subgrain
boundaries and retard the grain growth. But Si and Mn also can form an impurity ternary
phase T(Al12Mn3Si2), which weaken the tension strength and microhardness [16].
When content of Si and Mn are 3 wt.%, the ultimate tensile stress of CA reaches
169.97 MPa. And, microhardness reaches 89.4 HV, which increases by 48.4% compared
with Al–4.5Cu–2(Si–Mn). With the increase of Si and Mn content from 0 to 3 wt.%,
Al–4.5Cu–3(Si–Mn) alloy internal grain refinement. Si and Mn dissolve supersaturation,
resulting in solid solution strengthening. At the same time, irregular sheet-like stacks are
reduced. Therefore, its microhardness reaches the highest value. However, the increasing
rate of ultimate tensile stress is lower than Al–4.5Cu–1(Si–Mn).
2.4. Effect of Si or Mn on the Mechanical Properties of CA. The experimental
results from Figs. 6 and 7 show that the comprehensive mechanical properties of
Al–4.5Cu–1(Si–Mn) alloy are the best. The addition of Mn is advantageous for the ductility
of the cast Al–Cu alloy. However, if Mn is added above a certain level, the primary coarse
Al20Cu2Mn3 phase will form during casting. And, Al20Cu2Mn3 does not dissolve into the
a-Al matrix in the solution, adversely affecting the ductility of the Al–4.5Cu alloy [17]. On
the other hand, the Al20Cu2Mn3 dispersion formed in the solution will inevitably consume
some of the Cu element, resulting in lower tensile properties due to reduced precipitation
hardening [18]. Therefore, Al–4.5Cu–1Mn is not considered in this experiment. Figure 8
shows effect of Si on tensile stress and elongation of CA. Table 3 shows mechanical
properties of CA containing 1 wt.% Si and without Si. It can be seen from Fig. 8 that a
small amount of Si element is conducive to enhance the tensile properties of CA.
Al–4.5Cu–1Si alloy with the addition of 1 wt.% Si has obviously higher ultimate tensile
stress than Al–4.5Cu alloy. Its ultimate tensile stress reaches 194.2 MPa. The ultimate
tensile stress increases about 12.1% and the elongation reaches 46.79%. And, two small
amounts of Si and Mn are also more conducive to enhance the tensile properties of CA. It
can be found that the tensile stress of Al–4.5Cu–1(Si–Mn) is the highest.
Al–4.5Cu–1(Si–Mn) alloy with the addition of 1 wt.% Si and 1 wt.% Mn has obviously
higher ultimate tensile stress than Al–4.5Cu–1Si alloy. Its ultimate tensile stress reaches
205.87 MPa and the elongation reaches 34.97%. And, tensile stress of Al–4.5Cu without
any Si and Mn is the lowest.
T a b l e 3
Mechanical Properties of CA Containing 1 wt.% Si and without Si
Samples

Stress (MPa)

Elongation (%)

Hardness (HV)

Al–4.5Cu
Al–4.5Cu–1Si
Al–4.5Cu–1(Si–Mn)

173.182
194.202
205.867

41.657
46.789
34.966

61.5
75.0±4.9
74.6
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a

b

Fig. 8. Effect of Si or Mn on maximum force–strain curves (a) and ultimate tensile stress and
elongation of CA (b).

Fig. 9. Effect of Si or Mn on the microhardness of CA.

Figure 9 shows effect of Si or Mn on the microhardness of CA. It can be seen from
Fig. 9 that a small amount of Si or Mn elements can enhance the microhardness of CA. A
small amount of Si and Mn make the grain boundary clear, small, and the grain becomes
smaller, the size tends to be uniform, which is conducive to enhance the mechanical
properties of the alloy. The microhardness reaches 75 HV when the Si is 1 wt.% of CA.
The microhardness increases about 22.0%. The microhardness reaches 74.6 HV when the
Si and Mn are both 1 wt.%. Meanwhile, alloy elongation decreases. But the tensile stress
increases about 6.0%, while the microhardness decreases about 33.8%. As shown in Fig. 9,
the microhardness increasing trend of CA is the same as the tensile stress increasing trend,
shown in Fig. 8.
Conclusions
1. With the increase of Si and Mn content, the irregular lamellar structure of CA
appears, and finally the solid solution is coexisted with the irregular lamellar laminated
structure.
2. When both Si and Mn are not added into CA during casting, the elongation of
Al–4.5Cu is the highest, reaching 41.66%. When both Si and Mn are 1 wt.% in CA, the
tensile stress of CA is the highest, reaching 205.87 MPa. When both Si and Mn are 2 wt.%
186
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in CA, the tensile stress of CA is the lowest, reaching 146.65 MPa. The microhardness of
CA is the lowest, reaching 60.2 HV. When both Si and Mn are 3 wt.% in CA, the
elongation of CA is the lowest, reaching 18.96%. And, the microhardness of CA is the
highest, reaching 89.4 HV.
3. Adding 1 wt.% Si in the Al–4.5Cu alloy, it is beneficial to enhance the mechanical
properties of CA. The tensile stress of CA reaches 194.2 MPa. And, its’ elongation of CA is
the highest, reaching 46.79%. The microhardness of CA is the highest, reaching 75.0 HV.
Meanwhile, adding 1 wt.% both Si and Mn in the Al–4.5Cu alloy, it is also beneficial to
enhance the tensile stress of CA.
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Ðåçþìå
Âèñîêà åôåêòèâí³ñòü ñïëàâ³â çàëåæèòü â³ä ì³êðîñòðóêòóðè, ïðè öüîìó ëåãóþ÷³ åëåìåíòè çíà÷íî âïëèâàþòü íà ì³êðîñòðóêòóðó. Ó ìàòðèöþ ñïëàâà Al–4,5 Cu äîäàâàëè
ð³çíó ê³ëüê³ñòü ëåãóþ÷èõ åëåìåíò³â Si i Mn äëÿ âèâ÷åííÿ ¿õ âïëèâó íà ì³êðîñòðóêòóðó
³ ìåõàí³÷í³ âëàñòèâîñò³. Êîìá³íîâàí³ ñïëàâè â³äëèâàëè ìåòîäîì âàêóóìíîãî âñîìêòóâàííÿ. Ì³êðîñòðóêòóðó êîìá³íîâàíèõ ñïëàâ³â äîñë³äæóâàëè çà äîïîìîãîþ ðàñòðîâîãî
åëåêòðîííîãî ì³êðîñêîïà. Ìåõàí³÷í³ âëàñòèâîñò³ âèçíà÷àëè ïðè âèïðîáóâàííÿõ íà
óí³âåðñàëüí³é ìàøèí³ òà çà äîïîìîãîþ òåñòåðà ì³êðîòâåðäîñò³. Ïðîàíàë³çîâàíî åêñïåðèìåíòàëüí³ ðåçóëüòàòè äëÿ ñïëàâ³â ³ç ð³çíèì âì³ñòîì Si i Mn. Óñòàíîâëåíî, ùî ç³
çá³ëüøåííÿì âì³ñòó Si i Mn ìàº ì³ñöå íåðåãóëÿðíà ëóñêîïîä³áíà ñòðóêòóðà. Òâåðäèé
ðîç÷èí ³ç íåðåãóëÿðíîþ ëóñêîïîä³áíîþ øàðóâàòîþ ñòðóêòóðîþ îòðèìàíî ïðè âì³ñò³
Si i Mn 3 âàã.%. Ìàêñèìàëüíó ãðàíèöþ ì³öíîñò³ (205,87 ÌÏà) òàêèõ ñïëàâ³â îòðèìàíî ïðè âì³ñò³ Si i Mn 1 âàã.%, â³äíîñíå ïîäîâæåííÿ ñÿãàº 34,97%, ì³êðîòâåðä³ñòü –
74,6 HV. Ïðè âì³ñò³ Si i Mn 2 âàã.% ãðàíèöÿ ì³öíîñò³ º íàéìåíøîþ (146,65 ÌÏà),
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