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ANALYSIS OF PHASE TRANSFORMATIONS IN HEAT-AFFECTED WELDING ZONE
OF ALLOYED HIGH-STRENGTH STEELS

Principles of alloying of high-strength quenched-and-tempered steels, used for ballistic protection, as
well as the effect of separate alloying elements on quenching and tempering processes for such steels owing
to the welding heat action, are analyzed in the article. 15 kinds of steels of various heats, used for manufac-
turing of armoured fighting vehicles hulls, are selected. For the materials selected the continuous cooling
transformation (CCT) phase diagrams are numerically plotted, and phase composition and mechanical
properties of metal in weld zone under cooling rate typical for gas metal arc welding (GMAW) process are
determined. Based on results of calculated analysis carried out, the materials are determined which do not
undergo the softening in all range of cooling rates investigated. | dx.doi.org/10.29010,/086.7 |
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Introduction

For ballistic and anti-explosive protective facilities,
both civil and military application, the high-strength
alloyed steels of martensite-bainitic class are used.
Ensuring of maximum strength and hardness of rolled
sheets of this group steels is achieved by proper scheme
of their alloying and thermal processing which consists
of quenching and low-temperature tempering.

At present, manufacturing of welded hulls of
armoured fighting vehicles (AFV) by enterprises of
the Defense-Industrial Complex (DIC) of Ukraine is
carried out with utilization of both special armor
steels, which are developed and produced according to
the proper military normative documentation, and
imported foreign protection steels of dual purposes.
Feature of the last ones is the specific mode of thermo-
mechanic processing immediately in the rolling mill
production line and some lesser content of high-expen-
sive alloying elements in comparison with traditional
armour steels.

One of the problems of welding of high-strength
steels, preliminary thermally processed for maximum
hardness, is the impossibility to ensure the equal
strength of welded joint. Under action of welding heat
the softening of metal in heat-affected zone (HAZ)
takes place, which is due to processes of basic metal
output structure tempering. At that, the magnitude to
which HAZ is soften depends on factors such as weld
thermal cycle (heat input) and chemical composition
of armorsteels. Because the manufacturers of protec-
tion steel rolled sheets of dual purposes are indicate the

maximum content of chemical elements only in steel of
one or another grade and lower limits are not gov-
erned, then the extent of softening of these steels under
action of welding heat subjects to the special attention.
In view of the aforesaid, the goal of the present arti-
cle is the investigation of welding heat effect on phase
composition and mechanical properties of high-
strength alloyed steels of various alloying schemes.

Characteristic of materials investigated

Chemical composition of steels investigated in the
present article is in the Table 1. Materials which are
marked arbitrary by «1»..«4» belong to specially
developed armor steels. Also the Miilux Protection
(M), Quardian (Q), Armstal (A), Armox (A*T),
Swebor Armor (S) Protac (P) steels are involved in
the analysis, which are protection steels of foreign pro-
duction and which are used by enterprises of the DIC
of Ukraine in welding production of the AFV (number
in labeling of these steels characterizes their average
Brinell hardness - 500, 560 and 600 HB respectively).
The Hardox 500 (H); Toolox 33 (T); Weldox 1300
(W) steels are high-strength wear-resisting and struc-
tural steels of foreign production which are delivered
also in thermo-strengthening state and may be used for
armour protection purposes.

It may be seen that the main alloying elements in
the composition of steels investigated are silicon, man-
ganese, chromium, nickel, molybdenum and vanadium;
also some of these steels are micro-alloyed with titani-
um, niobium, boron and zirconium. Taking into
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account the carbon content 0.20...0.40 %, after proper
thermo-mechanical processing the rolled sheets from
these materials have martensite or martensite-bainitic
structure, which, together with jointly used technolo-
gies of grain refining, provide necessary level of operat-
ing characteristics for it. At the same time, different
content of above-mentioned elements in composition
of the steels investigated stipulates the differences in
character of metal softening of welding HAZ of these
materials [1, 2].

Owing to high coefficients of dimensional discrep-
ancy with iron atoms, manganese and nickel strength-
en effectively the ferrite solid solution. Because such
effect requires relatively slow cooling from austeniza-
tion temperature, it is widely used in air-hardened
steels. Addition of manganese and nickel to the
quenched-and-tempered steels investigated provides
the increase of resistance of supercooled austenite and
thus increases their quenching ability. At that, 1 % of
manganese acts as 4 % of nickel [11—13].

Disadvantage of manganese is its ability to increase
considerably the austenite grain under heating up to
high temperatures. As a result, the content of man-
ganese, as an alloying element, in steels investigated
was limited approximately to 1.5 %.

Nickel reduces the ability to the brittle rupture and
increases the ductile properties of steels. Nevertheless,
its addition to the composition of armor steels in a
quantity more than 3 % is undesirable, because in such
case their properties became supersensitive regarding
the composition variations [13].

Silicon retards the cementite formation at the low-
tempering temperatures of 200...350 °C, which pro-
motes the increasing of the steel tempering ability and
g-carbides stabilization [11, 14, 15]. Moreover, it more
effective strengthens the ferrite solid solution in com-
parison with nickel [13]. Nevertheless, owing to non-
metal inclusions formation, stipulated by silicon quan-
tity increase, the tendency towards decarbonization
and overageing during heating, require limitation of its
content in steels at the level 1.2..1.5 %.

Chromium, molybdenum and vanadium are car-
bide-forming elements which increase the tempering
resistance of steels investigated (including also the
welding heat action) at the expense of secondary hard-
ening effect caused by carbides formation.
Introduction of chromium into steel in quantity of
1.2..2.5 % increases its quenching and reduces in a
small extent only the temperature of martensite trans-
formation [13]. Nevertheless, secondary hardening
owing Cr,C; carbides formation during heating
approximately up to 500 °C reduces noticeably the
steel quenching in case of its additional alloying only
with other carbide-forming elements (molybdenum,
vanadium, niobium) [16].

Molybdenum, which is presented in compositions
of all steels investigated (see the Table 1), effectively
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reduces the carbon diffusion in -solid solution, as well
as provides, as a carbide-forming element, the second-
ary peak hardening by tempering at the temperature
about 550 °C [17]. The mechanism of secondary hard-
ening effect under condition of high temperature tem-
pering is in formation of highly dispersed Mo,C phase
due to limited molybdenum solubility in cementite.

Role of vanadium in alloying of quenched-and-tem-
pered steels in general is similar to molybdenum. Tt
ensures the steel secondary hardening by V(C, N) par-
ticles which precipitate from solid solution at the tem-
perature about 600 °C [11, 18]. Besides, vanadium
delays the pearlitic transformation and, at the expense
of austenite stabilization, reduces the temperature of
martensite and bainitic transformations [12].

Most essentially the effect of carbide-forming ele-
ments on properties of armor steels is revealed during
complex alloying. Chromium and molybdenum, which
are transformed into austenite during heating for
quenching, ensures high quenching of steel, and vana-
dium carbides, dissolved incompletely during the heat-
ing, limit the grain growth and promote the obtaining
of final fine-grain structure [18].

According to [19], sharp increase of chromium
steels quenching ability upon the molybdenum addi-
tion in its composition takes place mainly owing to
chromium displacement by molybdenum out of car-
bide phase. Displaced chromium atoms transfer to the
solid solution and increase additionally the super-
cooled austenite stability.

Niobium, which also is a carbide-forming factor, is
used as a microalloying element for obtaining of fine-
grain structure of rolled steel, because its carbides are
dissolved entirely at the temperatures essentially high-
er than A_, temperature only. According to [16] data,
intensive grain growing in steels with niobium began
at the temperatures above 1150 °C.

Role of titanium and zirconium micro-additives
also is in the grain refinement. Carbides and carboni-
trides of these elements, formed during heating up to
the quenching temperature, limit the austenite grain
growth [14, 16].

Microalloying of some of the steels investigated
with boron increases essentially their quenching abili-
ty and promote the grain refinement [20, 21].
According to [20], effect of 0.002 % of boron addition
on steel quenching rise is equivalent to addition of
0.2 % of molybdenum or 1 % of nickel. Therefore, the
microalloying with boron, which permits to save the
critical alloying elements, is widely used for manufac-
turing of high-strength steel rolled sheets, which are
subject to quenching and tempering. Effect of boron is
in delay of austenite disintegration owing to its ability
to precipitate along boundaries of the primary grain
[22]. Because the boron influence on austenite trans-
formation kinetics increases at the high cooling rates
[21], the microalloying by this element are most wide-
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ly used for such steels which are subjected to high-
speed quenching,

According to conclusions of the analysis carried
out, the role of alloying elements in composition of
quenched-and-tempered steels for ballistic protection
is presented in the Table 2.

Table 2

Principle of alloying of quenched and tempered
steels for ballistic protection

Alloying
element

Estimated effect on technological properties
of steel

- raises steel quenching ability

ol strengthens ferrite solid solution
- raises steel quenching ability
Ni - strengthens ferrite solid solution

- reduces tendency to brittle rupture
- rises ductility and impact viscosity

- reduces martensite disintegration at low
Si tempering temperatures
- strengthens ferrite solid solution

- ensures secondary hardening at approx.
Cr |[500°C
- raises steel quenching ability

- reduces martensite disintegration upon
heating

Mo - ensures secondary hardening at approx.
350 °C

- raises steel quenching ability

- ensures secondary hardening at approx.
600 °C

v - limits austenite grain growth

- raises steel quenching ability

NbZ’rTI’ - limit austenite grain growth
B - raises steel quenching ability

- limits austenite grain growth

Procedure of investigations

In order to evaluate the effect of chemical composi-
tion of steels investigated on structure and properties
of the HAZ metal, the JMatPro software package was
used. Tts work is based on utilization of method of ther-
modynamic calculation of equilibrium state of the
CALPHAD (CALculationofPHAseDiagrams) system
[23]. The program permits to fulfill on base of alloy
chemical composition and parameters of its thermal
processing (including welding thermal conditions) the
computing experiment and forecasting of phase struc-
ture, phases chemical composition and their mass part
at the different temperatures. Further simulation of
physical and mechanical properties of the material is
carried out on base of multistage calculating algorithm

which provides the determination of the extent of
effect of each alloying element or impurity on proper-
ties of separate phases, calculation of properties of each
phase, data superposition for separate phases, and cal-
culation of properties already for all multicomponent
system by the rules for mixtures, as well as by physical
laws, which establish the connection between separate
properties.

The main output data, which is necessary to input
by the JMatPro user to obtain necessary properties of
the material, are its correct chemical composition and
index, which characterizes the size of its grain in final
state (grain grade or average size). On the base of these
data the JMatPro forecasts wide spectrum of proper-
ties beginning from diagrams of supercooled austenite
transformation up to structure diagram of metal of the
heat-affected welding zone (HAZ) and curves of strain
hardening in wide range of temperatures and strain
rates.

Used in the JMatPro program calculation algo-
rithm for diagrams of austenite isothermic transforma-
tion is based upon utilization of calculating models of
J.S. Kirkaldy, H. K. D. H. Bhadeshia ta J. L. Lee [24—
27]. After isothermic diagrams plotting their recon-
struction is carried into diagrams of supercooled
austenite decay while continuous cooling according to
the additivity rules stated in articles [24, 26, 28].
Kinetics of martensite transformation is calculated
according to parametric equation from K. W. Andrews
[29], supplemented with thermodynamic model pre-
sented in [30].

Method of calculation of steels physical properties
[31, 32] envisages, first of all, determination of proper-
ties of each phase of multi-component systems sepa-
rately with utilization of simple model of binary solu-
tions. After that the corresponding physical properties
(heat capacity, heat conductivity, thermal expansion
coefficient, Young modulus, Poisson modulus, etc.) are
calculated already for the alloy in whole, using the
model of multi-component mixture [33].

Algorithm of the materials mechanical properties
calculations in the JMatPro, which takes into consid-
eration interconnection between grain size and yield
strength according to the Hall-Petch law, is presented
in [31].

Results of calculation

According to chemical composition of each heat of
steel investigated (see the Table 1), the CCT-diagrams
were plotted numerically. As an example, in the Fig. 1
the diagrams for M500 steel (heat No. 1) and «4» steel
(heat No. 1) are presented. Average size of austenite
grain, necessary for calculations, was selected accord-
ing to article [34] and was equal to 10 pum. It may be
seen that more higher content of carbon and other ele-
ments, which increases the quenching ability, in com-
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Fig. 1. Calculated in the JMatPro CCT-diagrams for steels:
a — M500 (heat No. 1) and b — «4» (heat No. 1)

position of «4» steel, results in lower temperature of
martensite transformation beginning and more wide
range of cooling time values in critical temperature
band 800...500 °C, which determines exclusively the
matrensite structure of this steel in comparison with
M500 steel.

Taking into account the constructional peculiari-
ties of AFV welded hulls and used for its manufactur-
ing GMAW process, the range of cooling rates of HAZ
metal in critical temperature interval of austenite dis-
integration is usually about 5..30 °C/s. Taking into
account the above-mentioned, it was calculated for all
steels investigated the mechanical properties and
phase composition of HAZ area metal, which heats up
while welding to the temperature of 1250 °C and cools
with average rate 5, 10, 15, 20, 25 and 30 °C/s.
Summary results of calculations for «4» steel (heat No.
1) and M500 steel (heat No. 1) are in the Table 3.

It should be note that according to requirements of
normative document of MoD of the USA MIL-DTL-
46100 "Specification for delivery of armor plate, steel,
wrought, high-hardness», for ensuring of necessary
anti-bullet protection, the hardness of rolled sheets of
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these steels should be not less than 48 HRC, which
responds to minimum values of yield strength 1250
MPa and tensile strength 1450 MPa. From the Table
No. 3 it may be seen that according to calculation data
for «4» steel this requirement is satisfied in all range of
cooling rates investigated for heat-affected welding
zone, in spite of M500 steel.

Summary analysis of quenching ability of steels
investigated on the base of results of CCT-diagrams
plotted is presented in Fig. 2. The more is maximum
time of steel cooling in inter-critical temperature inter-
val 800...500 °C, which secures solely martensite final
structure, the higher is resistance of supercooled
austenite and quenching ability of the steel considered.

In Fig. 3 and 4 the influence of average rate of HAZ
metal cooling of steels investigated (see the Table 1) on
martensite final content in it and its final hardness are
presented. Tt may be seen, that these dependences are
directly proportional. At that, «4» steel of all heats
investigated, as well as Armox600T and Armstal 500
(heat No. 1) steels, demonstrate the calculated hard-
ness of heat-affected zone at the level of MIL-DTL-
46100 requirements, independently of cooling rate.
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Table 3
Phase composition and mechanical properties of weld zone metal of steels investigated
Steel «4» (Heat No. 1) M500 (Heat No. 1)
Cooling 5 | 10 | 15 | 20 | 25 | 30 | 5 10 | 15 | 20 | 25 | 30
rate, °C/s
Phase
composition,
% mass 100/0/0(100,/0/0{100,/0/0{100,/0/0|100/0,/0{100,/0,/010/80,/20|33/57/10|63/31/6|80/16,/4| 89/9/2 | 93/5/2
(M/B/F)*
Hardness,
HRC 49 49 49 49 49 49 25 38 45 48 49 49
Tensile
strength, 1571 | 1571 | 1571 | 1571 | 1571 | 1571 | 865 1177 | 1403 | 1523 | 1570 | 1593
MPa
Yield
strength, 1329 | 1329 | 1329 | 1329 | 1329 | 1329 | 622 917 1149 | 1277 | 1329 | 1353
MPa

*M — martensite; B — bainite; F — ferrite

tsls, Sec. 260 -
250

280

[ T T T R TR Y R T O

M500 M500 Q500 Q500 A500 AS500 AS500T A560T AGOOT S560 P500 H500 T33 W1300

Steel

Fig. 2. Maximum time of cooling in temperature range 800...500 °C, which secures solely martensite final structure of steels investigated

Also, negligible cooling rate sensitivity demonstrates
Toolox 33 steel and «2» steel (heat No. 2). At the same
time, for «2» steel with lesser carbon content (heat No.
1) the achievement of hardness of heat-affected zone
about 48 HRC is not succeeded at any of cooling rates
investigated, as for low-carbon heat No. 1 of «1» steel.
Quardian 500 steels of both heats investigated in the
present article, as well as Protac 500 and Weldox 1300
steels, demonstrated minimum ability to afterharden-
ing from the temperature 1400 °C and thus they are
softened under welding conditions most of all. Other
investigated steels under welding heat action should
have required by standards hardness and martensite

structure at cooling rates 10..25 °C/s depending of
their alloying.

Conclusions

Operating characteristics of welded items manufac-
tured from ballistic protection steels investigated
depends on HAZ metal hardness, which, in turn,
depends directly on martensite phase quantity in it. By
results of numerical simulation of phase transforma-
tions and mechanical properties of welding HAZ metal
of 15 steels of different heats investigated, they may be
divided conditionally by three groups:
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Fig 3. Influence of average cooling rate on final martensite content
in metal of heat-affected welding zone of steels investigated

1. Steels, which are not soften due to welding heat
affection in all cooling rates range 5...30 °C/s. Ultimate
hardness of metal of weld zone of these steels is not decent
lower than 48 HRC. To this group may be attributed «4»
steel of all heats investigated and Armox 600T steel.

2. Steels with limited tendency to afterhardening
in condition of welding thermal cycle action.
Necessary hardness level of weld zone metal for these
steels is ensured at the cooling rates 10..25 °C/s,
depending of their alloying. To this group may be
attributed «1» and <«2», Armox 500T and 560T,
MiiluxProtection 500, Armstal 500, SweborArmor
560, as well as Hardox 500 steels.

3. Steels which are not inclined towards afterhard-
ening under condition of welding thermal cycle
action. Metal of weld zone of these steels in all cool-
ing rates range is characterized by final hardness
lower than 48 HRC. There are Quardian 500,
Protac 500 and Weldox 1300 steels.

Investigated heat of Toolox 33 steel also demon-
strates hardness of HAZ of weld area rather low than
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Fig. 4. Influence of average cooling rate on final hardness
of heat-affected welding zone metal of steels investigated

48 HRC. Nevertheless, it may be seen that this materi-
al is of low-sensitive to welding heat, because in all
cooling rates hardness range of weld zone is in fact
invariable and is about 46 HRC. It may be supposed
that the heats of this steel with increased carbon con-
tent shall provide proper level of hardness.
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! HanjionanpHuii Texniunmii ynisepcurer Yipainu «KuiBchkuii nostitexsiunmii incruryt imeni Irops
Cikopcbkoros. Ykpaina, M. Kui

* IlenTpanbHUIi HAYKOBO-OCIiIHUI iHCTUTYT 036POEHHS i BilichkoBoi TexHikn 36poitnux Cun Ykpainm.
Ykpaina, M. Kui

AHAJII3 ®A30BUX IEPETBOPEHDb B 3BAPIOBAJIbHIN 30HI TEPMIYHOTI'O BILJINBY
JETOBAHUX BUCOKOMIIIHUX CTAJIEA

B po6omi npoananizoeano npunuunu nezy8anis 6UCOKOMIUHUX 3A2aPMOBAH0-BiONYueHuUx cmaneii, wo
3acmocosyromvcs 01 nPOMUKYI606020 3AXUCMY, A MAKONC BNIAUE OKPEMUX J1€2YBANbHUX eTIeMEHMIE Ha
npouecu zapmyeéanns ma 6i0NYcKy uux cmaei 61acaioox 0ii 3eaproéanviozo menaa. O6paino 15 cmaneii
PI3HUX NIABOK, WO 3ACMOCOBYIOMBC NPU BUZOMOBILEHHT 36APHUX KOPNYCI8 HOU0BUX OPOHLOBAHUX MAWLUMN.
Jlnsa o6panux mamepianie uucenvno no6yoosano mepmoxinemuuni diazpamu po3naoy nepeoxonoincenozo
aycmenimy, 6usnaveno pazosuill ckaad ma mMexanivii 6J1ACMUBOCMI MeMAaLy HABKOJOWOBHOI OiNAHKYU NPU
WEUOKOCMAX 0X0JI00HCCHHS, MUNOBUX 0J151 MEXAHIZ08AH020 36APIOGAHHSA Y 3AXUCHOMY 2a3i. 3a pe3yvma-
mamu npoeeden0z0 Po3IPAXYHK06020 AHAIIY USHAUEHO MAMEPIAAU, W0 He 3A3HAIOMb 3HEMIUHEHHS 6 YCb-
omy dianazoni docaioxicenux weuoxocmei oxonodxcenns. |dx.doi.org/10.29010/086.7]

Kmouosi crosa: iezoeami 6ucokomiyii 3azapmoeano-gionyueni cmai; 3HeMilyHeHHsL 36apt08aivHOl 30HU MEPMIUHOZ0
enausy; CALPHAD; mepmoxinemuuni diazpamu; pazosuil ckiad ma meepoicms cmanetl.
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