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A physical-mathematical model was developed. It describes formation of a structure of deposited metal of Fe–Cr–Mn 
alloying system and binds its chemical composition, critical points of martensite transformation (Ms, Mf), phase-struc-
ture state and nature of their layer-by-layer variation on thickness of the deposited metal. The model allows designing 
and regulating chemical and phase compositions (austenite, austenite-martensite, martensite-austenite, martensite) of 
metal of Fe–Cr–Mn alloying system deposited on steel St3 that provides the possibility to regulate service properties 
of the deposited metal. Specific conditions of operation of the deposited parts require selection of phase composition of 
the deposited metal (content of quenching martensite and metastable austenite), level of g-phase metastability providing 
optimum development of deformation g→a´-transformation and acquiring of the most significant effect of strengthen-
ing in process of testing and operation. 14 Ref., 1 Table, 4 Figures.
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Regulation of structure and service properties of 
deposited metal (DM) is one the main problems in 
production and restoration surfacing of virtually all 
critical parts in different branches of industry [1–3]. 
This problem is in particular relevant in surfacing 
of high-manganese and high-chromium-manganese 
steels taking into account that these steels have meta-
stable austenite structure, which can be strengthened 
in process of operation under dynamic mechanical 
loads [4–8]. Considering the fact that significant pen-
etration of base metal and previous deposited layers 
can be observed in arc surfacing, chemical and phase 
composition as well as structure of the deposited met-
al will be changed in specific way from layer to layer.

The aim of present work is development of a sci-
entific-based model of formation and regulation of 
phase-structure state and service properties of depos-
ited metal of Fe–Cr–Mn alloying system depending 
on its composition and composition of base metal as 
well as parameters of technology of electric arc flux-
cored wire surfacing.

A physical-mathematic model (No.1) of lay-
er-by-layer-steplike distribution of alloying elements 
on the DM layers depending on a level of base metal 
penetration [9] was proposed. The model with some 
assumption supposes that content of alloying elements 
in the DM layers changes gradually. In multilayer sur-
facing composition of each layer is determined by di-

lution of previous and portion of its participation in 
formation of each next layer (N1, N2, N3 … Ni). It is 
determined that any combinations of different or same 
portions of participation of base metal in the deposit-
ed one by layers, equal in the sum (N1 + N2 + N3 … Ni), 
provide similar composition of the resulting (upper) 
deposited layer. Based on experimental investigations 
and analysis of formation of composition in each of 
the deposited layers there was obtained an equation 
for calculation of content of each of elements in i-th 
deposited layer at various levels of penetration: 
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is the set content of element.

At similar portion of the base metal and previous 
layers in the deposited metal, dependence (1) has the 
next view:
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Taking into account possible oxidation (burn-out 
loss) of alloying elements (in open arc surfacing) or 
addition of alloying elements from the flux into the 
melt, expressions (1) and (2) shall be completed with 
a summand ± f

e
CD , characterizing contribution of flux 

content into the DM composition, similar to data of 
work [10]: 
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Obtained equations (1)–(4) prove the known con-
clusion that the less the penetration level and, respec-
tively, portion of participation of base metal into de-
posited one N is, the quicker and at less amount of 
layers the set composition of the DM is reached [1].

At different portion of participation of the base 
metal in each of the deposited layers of multi-layer 
surfacing the result of calculation of element con-
tent is determined taking into account their product 
(N1N2N3 … Ni). Based on set forth, a physical-mathe-
matical model of layer-by-layer formation of chemi-
cal and phase composition (No.1), graphical interpre-
tation of which is given in Figure 1, was proposed. 
After first layer surfacing on unalloyed steel-base 
(St3) the content of alloying elements in the first DM 

layer is sufficiently rapidly increased at transfer of a 
fusion zone and on thickness of this layer the average 
concentration remains approximately the same, that 
corresponds to a horizontal section of a concentration 
distribution curve. At that, the set content of alloying 
elements in the first layer is not usually achieved. Af-
ter surfacing of the second layer the concentration of 
alloying elements on fusion zone of the first and sec-
ond layers due to penetration of the first layer with 
specific N2 again rises, and, approximately, stays the 
same on thickness of this (second) layer (Figure 1, 
curves 1, 2). Composition of the third and next layers 
is formed in the same way.

According to calculations, content of carbon also 
gradually varies by layers to the side of increase, 
or, vice versa, reduction (as it is shown in Figure 1, 
curves 5, 6) depending on its content in metal-base 
in relation to content in flux-cored wire. In layers 4–6 
the concentration of the elements will correspond to 
set content of the flux-cored wire.

The quicker the rate of surfacing and the less cur-
rent in studied limits (vsurf = 18–38 m/h, I = 320–500 A) 
are, the less the portion of participation of metal from 
each previous layer in formation of the next one is, 
the narrower the zone of interlayer fusion is and the 
larger the difference in the concentrations of elements 
between the horizontal lines on concentration curves 
of a layer-by-layer analysis is.

The layer-by-layer calculation of metal deposit-
ed with flux-cored wire PP-Np-12Kh13G-12STAF, 
using proposed model is given in the Table. As can 
be seen from the given data, multilayer surfacing pro-
vides DM with the structure of metastable austenite.

Relationship of the alloying elements (first of all 
chromium and manganese) as well as carbon, having 
significant effect (decrease) on points of Ms and Mf 
was selected in such a way that in the upper layer of 
DM it was austenite metastable structure, correspond-
ing to 12Kh13G12STAF composition.

At small portion of the base metal and next layer in 
the deposited metal (N1, N2, N3 ≤ 0.3) the set composi-
tion of metal, deposited with wire PP-Np-12Kh13G-
12STAF is already reached in the third layer, which 
corresponds to steel 12Kh13G12STAF with metasta-
ble austenite. At average values of N1, N2, N3 ≈ 0.5 the 
set composition of DM can be obtained only in the 
forth or even fifth layer. In the third layer it will cor-
respond to grade 14Kh12G11STAF of austenite class 
with under-alloying on chromium (by ~ 1.5 %), man-
ganese (by ~1.5 %) and overrating by 0.02 % content 
of carbon (Table).

At large portion of the base metal and next layers 
(N1, N2, N3 ≈ 0.7) the content of the third deposited 
layer will correspond to steel 15Kh9G8STAF (Ta-

Figure 1. Model of distribution of alloying elements content on 
DM layers: 1, 2 — chromium; 3, 4 — manganese; 5, 6 — carbon 
(solid lines — N = 0.3; dashed — N = 0.5)

Calculation composition of DM depending on portion of base 
metal in deposited (N) in three-layer surfacing using flux-cored 
wire PP-Np-12Kh13G12STAF

Layer 
number

N for each layer of DM Calculation compo-
sition of DM (type 
of deposited metal)

Phase 
composition 

of DM1 2 3

1 0.3 – – 14Kh9G8STAF М + А
2 0.3 0.3 – 12Kh11G9STAF А + М
3 0.3 0.3 0.3 12Kh13G12STAF А
1 0.5 – – 17Kh7G6STAF М + А
3 0.5 0.5 0.5 14Kh12G11STAF А
1 0.7 – – 19Kh5G4STAF М
3 0.7 0.7 0.7 15Kh9G8STAF А + М

Note. M — quenching martensite; A — austenite.
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ble) with lack of alloying from the set composition 
on chromium and manganese by ~ 4 %, on silicon 
by ~ 0.6 %, excess of carbon content by ~ 0.03 %, 
content of vanadium and titanium can be at lower 
limits. This deposited metal refers to martensite-aus-
tenite class. In surfacing with penetration level N ≈ 
0.7 (modes, which provide such a penetration, are not 
recommended to be used in surfacing), acquiring the 
set composition will only be possible in layers 6–7. 
Reliability of the results of DM calculation on the de-
veloped model is proved by the experimental results 
of works [9, 10] and others.

Composition of each layer effects martensite points 
Ms, Mf and Md

* and determines phase composition of 
the layers of deposited metal [11, 12]: austenite (A); 
austenite-martensite (A + M) (< 50 % of quenching 
martensite and > 50 % of austenite); martensite-aus-
tenite (M + A) (> 50 % of quenching martensite, the 
rest is Ares); martensite (M) with 5–15 % of Ares. In all 
cases structure of the deposited metal includes small 
amount of carbides (carbonitrides).

Nature of distribution of chemical elements ac-
cording to the proposed model is proved by the ex-
perimental results of spectral (quantometric) analysis 
on quantometer «SpectromaxX» (after step-by-step 
grinding away of a layer by 0.3–0.5 mm as well as 
micro-X-ray-spectrum analysis using autoemission 
electron microscope «Ultra-55» (with a step of 0.1–
0.2 mm order) (Figure 2). A structure-phase state on 
the layers of Fe–Cr–Mn DM was determined by the 
methods of quantitative metallography and X-ray 
structural analysis on diffractometer DRON-3 in iron 
Ka-radiation.

A structural class of DM (layer-by-layer) was de-
termined on quantitative relationship of quenching 
martensite and metastable austenite. An upper layer 
in three-layer surfacing using PP-Np-12Kh13G12S-
TAF wire at Ni = 0.31–0.40 corresponds to grade 
DM 20Kh12G9STAF and (A + M) class. Within the 
limits of each layer there are variations of content of 
the elements in small limits, typical for arc surfacing 
with flux-cored wire. At Ni = 0.70–0.76, the DM of 
20Kh10G8STAF grade and (M + A) class with qual-
itatively similar nature of alloying elements distribu-
tion is formed in the third layer.

Due to the importance of taking into account the 
effect of composition of each layer on phase content 
of the DM, the physical-mathematical model was de-
veloped, which considers effect of the main elements 
(Cr, Mn, Si, C) on point Ms in Fe–Cr–Mn steels. Ap-
plication of this model allowed obtaining different 
DM compositions (12–20)Kh(8–13)G(6–12)STAF 

with variation of content of elements within (wt.%): 
0.12–0.2 C, 8–13 Cr, 6–12 Mn.

Using regression analysis of the experimen-
tal data on high-strength steels of close alloying of 
Fe–0.3  %  C–(2–8) % Cr–6 % Mn–2 % Si and Fe–
0.1 % C–14 % Cr–(0–8) % Mn compositions, the next 
polynomial dependencies of p. Ms on content of chro-
mium and manganese were obtained:

	 Мs(Cr) = –aCr3 + bCr2 – cCr + d + ΔМs;	 (4)

	 Мs(Mn) = –a(Mn)2 – b(Mn) + c + ΔМs,	 (5)

where Cr and Mn is the content of elements in the 
DM, wt.%: a, b, c, d are the constant coefficients re-
flecting the level of element effect; DMs is the average 
value of displacement of p. Ms from the experimental 
dependencies under effect of carbon and alloying ele-
ments (on generalizing the reference data provided in 
work [12]):
	 ΔМs = –500ΔС – 38ΔMn – 8ΔCr – 40ΔSi,	 (6)

where ΔС, ΔMn, ΔSi, ΔCr are the difference between 
the content of the alloying element in the experimen-
tal and model DM, %.

The correlation coefficients made: for equation 
(4) — R2 = 0.9999; (5) — R2 = 0.9975.

           
*Md is the lowest temperature, at which not less than 50 % of deformation martensite due to DMTW is formed.

Figure 2. Distribution of alloying elements on thickness h of 
three-layer DM of 20Kh12G9STAF steel type: a — chromium; 
b — manganese; c — silicon
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A series of curves were protted in a calculation way 
with the help of equations (4)–(6) using the model, 
namely dependencies of p. Ms from content of chro-
mium and manganese at the discrete values of content 
of the rest elements (Mn, Cr, Si, C, respectively), some 
of which are given in Figure 3. For any ratio of the 
main alloying elements (Cr, Mn) the temperatures of p. 
Ms were calculated using the model and in cooling to 
room temperature there were determined an amount of 
forming phases — martensite and austenite in Fe–Cr–
Mn structure of the DM. Thus, for the DM, containing 
approximately Cr 10 %, Mn 8 %, C 0.2 % (at similar 
content of silicon and vanadium), p. Ms = 40 °C (Figure 
3, a, curve 2). At room temperature its phase compo-
sition is ~ 82 % of austenite and ~ 18 % of quenching 
martensite (Figure 3, b, curve 2). And for steel with the 
same content of chromium (~ 10 %), but higher content 
of manganese, for example, 10 %, its structure will be 
austenitic. The calculated ratios of phase composition 
(content of martensite and austenite) are proved by the 
experimental data of magnetometric and X-ray struc-
tural methods, given in works [10, 12].

The developed model allows also using the set 
phase composition determining the necessary com-

position of alloying elements in the DM and corre-
sponding to it position of p. Ms. Based on this content 
using the known methods [13] it is possible to cal-
culate composition of the charge of flux-cored wire, 
which will provide formation of set chemical and 
phase-structure composition of the DM.

The obtained calculation ratios of amount of 
quenching martensite and metastable austenite for 
Fe–Cr–Mn of DM adequately correspond to the ex-
perimental results determined by magnetometric and 
X-ray structural methods [11, 12].

Generalization of two models considered above al-
lows explaining the differences of layer-by-layer for-
mation of DM phase content on concentration of the 
chemical elements according to the next cause-and-
effect relationship. Chemical composition of each 
deposited layer depends on composition of materi-
al being deposited, level of penetration (portion) of 
base metal and further deposited layers (Figure 4, a). 
Content of elements in the layers determines the tem-
peratures of p.. Ms and Mf (Figure 4, b) effecting the 
amount of martensite and metastable austenite in the 
limits from 0 % to 100 % of each phase (Figure 4, c) 
forming during Fe–Cr–Mn DM cooling. This relation-
ship determines formation of wear resistance of the 
examined DM (Figure 5). In the first approximation, 
the more formation of quenching martensite is, the 
higher the hardness and wear resistance are, and the 
more remaining austenite is, the lower these proper-
ties are, but higher ductility and impact toughness are. 
However, these characteristics and wear resistance of 
DM depend not only on ratio of amount of quenching 
martensite and austenite. Particularly important is that 
austenite in the structure of the examined Fe–Cr–Mn 
DM is a metastable phase subjected to deformation 
martensite g→a´-transformation in the process of 
testing (wear-out) (DMTW) provoking deformation 
hardening and, simultaneously, stress relaxation. A 
level of metastability, determining DMTW kinetics 
and amount of forming deformation martensite, de-
pends on different factors, namely ratio between con-
tent of quenching martensite and metastable austenite, 
content and level of its strengthening, heat treatment, 
conditions of tests and operation [8, 11]. All these in 
total determine formation of mechanical and service 
properties of the DM of Fe–Cr–Mn alloying system.

Figure 4, b schematically shows a graphical de-
pendence of p. Ms position on content of one of the 
alloying elements in Fe–Cr–Mn DM (for example, 
chromium, manganese or carbon). Dependence of 
amount of quenching martensite M and austenite A 
on position of p. Ms are given in Figure 4, c. The lat-
ter shows various quantitative ratio between quench-
ing martensite for different content of the alloying 

Figure 3. Experimental and calculated dependencies of chromi-
um effect on position of p. Ms (a) and amount of austenite (b) 
in Fe–Cr–Mn steels with different variation of alloying elements: 
1 — experimental steels 30Kh(2–8)G6S2F (with extrapolation 
of curves to 14.0 % of Cr); model; 2 — 20Kh(2–14)G8SF; 3 — 
20Kh(2–14)G10SF; 4 — 10Kh(2–14)G8SF; 5 — 10Kh(2–14)
G10SF
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elements and, respectively, different temperature of 
p. Ms (for example a1, b1, a2, b2 in Figure 4, c).

Obtained experimentally graphical dependencies 
between p. Ms and amount of quenching martensite M, 
austenite A for system of steel alloying with 30Kh(2–14)
G6S2F and 10Kh14G(0–12)content [11] are approxi-
mated by a polynomial function of the 3rd level:

	М(%) = –6∙10–5(Мs)
3 + 0.147(Мs)

2 – 0.2236(Мs) + 0.8859;	
	 А(%) = 100 – М(%).	 (7)

At that a coefficient of correlation made R2 = 1.0.
A projection of points of curve p. Ms – f(% Cr, 

Mn, Si) of the model (No.2) (Figure 4, b) on steplike 
curves of the model (No.1) (Figure 4, a) explains the 
nature of alternation of the phase-structure composi-
tions: base metal → (M + A) → (A + M) → A on its 
thickness (from fusion zone with base metal to sur-
face layer), that is determined by p. Ms temperature, 
depending on content of alloying elements in the DM 
layers (Figure 4, a).

The generalized model allows predicting and de-
signing the phase composition of the DM by layers 
taking into account technological parameters of sur-
facing mentioned above. Rising content of such el-
ements as Cr, Mn, Si, C (separately or in a complex) 
provokes reduction of p. Ms (Figure 4, b) and varia-
tion of phase composition to the side of increase of 
austenite content, and decrease of content of quench-
ing martensite, respectively (Figure 4, c). Following 
form the set chemical composition of DM, a series 
of curves p. Ms – f(% Cr, Mn, Si) were plotted using 
model No.2 [12] (Figure 4, b, curves 1–3).

When generalizing models Nos 1 and 2 it is possi-
ble quantitatively calculate obtained phase composi-
tion (% A; % M) in each deposited layer by Figure 4, 
c, getting steplike curves 1, 2, 3 on Figure 4, a. For 
this there is a use of obtained calculation dependen-
cies (7) and dependences of content of phases on p. Ms 
(Figure 4, c) through the effect on it of alloying ele-
ments and carbon in each deposited layer, projecting 

Figure 4. Principal diagram of calculation on proposed generalized model of layer-by-layer-steplike chemical and structural compo-
sition of deposited Fr–Cr–Mn metal: a — 1–3 — curves of distribution of phase content on layers of DM; b — 1–3 — corresponding 
to them curves of p. Ms dependencies on content of main alloying elements (Cr, Mn, Si) (see Figure 3 and data of work [12]; c — de-
pendence of amount of austenite (a) and quenching martensite (M) on position p. Ms (more details in work [12]; A — austenite, M — 
quenching martensite, F + P — ferrite-pearlite structure of base metal (St3)
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received points on curves 1, 2, 3 (Figure 4, b) through 
Figure 4, c on Figure 4, a. Projecting determined in 
such a way phase composition (wt.%) from curves 
on Figure 4, a to the curve (Figure 4, b), and from it 
down to Figure 4, c it is possible to get a qualitative 
and quantitative presentation on phase composition of 
each of the deposited layers (Figure 4, a).

As an example it is possible to consider the DM 
corresponding to curve 1 of distribution of alloying 
elements by layers (Figure 4, a). The first (lower) 
layer is characterized with a horizontal shelf of step, 
which shall be projected on curve 1 (Figure 4, b), cor-
responding to present deposited metal and conditions 
of surfacing, and characterizing dependence p. Ms and 
content of elements in this layer. The projections of 
obtained point on a phase composition diagram (ratios 
of phases of quenching martensite — M and austen-
ite — A) show the content of quenching martensite (p. 
b2 ≈ 65 %) and austenite (a2 ≈ 35 %). Points 2b′  and 2a′  
are characterized with martensite-austenite (M + A) 
phase composition of the first layer (shown by arrow 
to brace on Figure 4, a). The second layer is charac-
terized by corresponding step (Figure 4, a), projection 
of which on Figure 4, b for considered above curve 1, 
and down from it to Figure 4, c show the obtained 
phase composition, which is characterized by points 
a1 ≈ 89 % of austenite and b1 ≈ 11 % of quenching 
martensite. The projections of these points 1a′  and 1b′  
(arrow up to brace) show austenite-martensite (A  + 
M) phase composition of the second layer on Fig-
ure 4, a. The upper third layer of DM is characterized 
with the upper step on a model diagram (Figure 4, a). 
Its projection on curve 1 Figure 4, b, and then down to 
curve 4, c, shows purely austenite phase composition 
(100 % A).

In a similar way it is possible to consider forma-
tion of composition, and from it through effect on 

p. Ms (Figure 4, b) i.e. formation of phase composi-
tion (A and M) on Figure 4, c for other conditions of 
surfacing characterized by lower content of alloying 
elements and carbon (curve 2 on Figure 4, a) or, vice 
versa, large one (curve 3 in Figure 4, a). This depends 
on somewhat different composition of the deposited 
metal of the same Fe–Cr–Mn alloying system, or at 
its similar composition on other indices of penetration 
(portion) of base metal and next layers.

Obtained calculation results on content of marten-
site and metastable austenite on DM layers, the same 
as layer-by-layer-steplike nature of change of chemical 
phase-structure compositions on the DM layers, are 
proved by quantometric analysis, electron microscopy, 
metallographic and X-ray structural examinations.

In total, obtained in surfacing microstructure and 
level of g-phase metastability determine the nature 
and g→a´ kinetics of DMTW and allow regulating 
formation of physical-mechanical and service prop-
erties. Selecting indicated parameters, it is possible to 
get combinations of different phase-structure zones 
(A, A + M, M + A, M) of Fe–Cr–Mn deposited metal 
of different thickness.

Hardness and wear resistance of the DM is var-
ied corresponding to layer-by-layer nature of change 
of the phase-structure state and level of deformation 
of austenite metastability. Schematically it is shown 
in Figure 5 based on generalizing the results of our 
previous researches [10, 11, 14], where similar curves 
for the DM of various chemical and phase composi-
tions are given. The highest hardness of Fe–Cr–Mn 
DM corresponds to (M + A) structure (first or second 
layer), then it drops due to increase of content of more 
plastic austenite in (A + M) structure and decreases to 
larger level for austenite structure (the second or third 
layer, respectively). Following the experimental data, 
the highest wear resistance of the DM of Fe–Cr–Mn 
alloying system is provided by austenite-martensite 
structure with active g-a´ kinetics of DMTW [10, 11].

The reason of significant increase of wear resistance 
of metastable Fe–Cr–Mn DM with (A + M) structure 
is obtaining in surfacing of some amount of quench-
ing martensite (20–30 %) and formation of significant 
amount of deformation martensite in thin surface layer 
(30–55 %) as a result of g-a´ development of DMTW 
as well as cold working of martensite-austenite struc-
ture under effect of wear-out medium.

The deformation martensite differs by increased dis-
persion, higher level of microdistortions and increased 
dislocation density, and process of its formation is ac-
companied by relaxation processes [8] that promotes rise 
of DM ductility, wear resistance and life duration. It is 
also probable development of dynamic deformation age-
ing characterized with precipitation of high-disperse par-

Figure 5. Dependence of hardness (curve) and relative wear resis-
tance under different conditions of wear out of metastable Fe–Cr–
Mn DM: 1 — metal on metal; 2 — impact-abrasive; 3 — abrasive
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ticles of carbides and carbonitrides from martensite and 
austenite in course of wear out in the surface layer that 
is also an important factor of wear resistance increase. 
Certainly, for specific conditions of operation of the de-
posited parts it is necessary to select phase composition 
(content of quenching martensite and metastable austen-
ite), level of metastability of g-phase providing optimum 
g-a´development of DMTW and acquiring the highest 
strengthening effect in the process of tests and operation.

In whole, the optimum parameters of chemical and 
phase composition, microstructure and g-a´ kinetics 
of DMTW for each type of wear out provide improved 
characteristics of properties and wear resistance of the 
examined metastable DM, which significantly exceed 
properties of deformation-stable materials of close al-
loying.
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