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Abstract: An innovative technology has been developed and implemented for the restoration and manufacturing of new mold copper plates
for continuous casting machines (CCMs) using wear-resistant composite coatings. These copper plates significantly surpass the service life
of imported copper plates featuring galvanic coatings, sometimes by up to 20 times. However, the pressing challenge of restoring the copper
plates of molds once they have reached the minimum permissible thickness remains unresolved. This study aimed to explore the feasibility of
restoring a plate composed of precipitation-hardening Cr—Zr bronze with the same material by employing friction stir lap welding (FSLW).
The objectives were to examine the structure, quality, and hardness of the welded joint, alongside investigating the impact of heat treatment
(quenching and aging). By utilizing multi-pass FSLW method with a rotating tool crafted from a heat-resistant alloy and overlapping (partially
overlapping) successive passes, a welded joint with a thickness of ~5 mm was achieved, devoid of critical continuity flaws (cracks or voids).
Within the bronze layer restored through FSW, a softening effect ranging from 85—105 HV1 was observed compared to the initial hardness
of the bronze in its hardened and aged state while in service (116—126 HV1). This is attributed to recrystallization and overaging, specifically
the coarsening of chromium particles within the Cr—Zr bronze due to the heating of the weld nugget (stir zone) to 600—700 °C. The observed
softening effect during FSW can be effectively rectified through heat treatment involving dissolution of the hardening phases followed by
aging, resulting in a hardness increase to approximately 120—150 HV1. The process of restoring copper plates to their original thickness via the
progressive and environmentally friendly FSW method, followed be the subsequent application of wear-resistant composite coatings, presents
the opportunity for an almost infinite operational cycle of molds. This advancement could potentially eradicate the necessity for Russia to rely
on importing such molds copper plates.
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AnHoranusa: PazpaboTaHa ¥ nmpakTHUYecKH peajn30BaHa MHHOBALIMOHHASI TEXHOJOTHSI BOCCTAHOBUTEJIBHOIO PEMOHTA U MPOU3BOACTBA
HOBBIX CTEHOK KPUCTAJIN3aTOPOB MAllIMH HEMPEPBIBHOTO JIUThs 3aroToBoK (M HJI3) ¢ M3HOCOCTOMKNMY KOMIIO3UITMOHHBIMU TTOKPBI-
TUSMU, 3HAUUTENBbHO (10 20 pa3) MpeBOCXOASIINX PECyPC UMIOPTHBIX CTEHOK C raJlbBAHUUECKUMU MOKPBITUIMU. OMHAKO HepelLIeHHOMU
OCTaeTCsl aKTyaJbHasl 3a7aya BOCCTAHOBJEHUSI MEIHBIX CTEHOK (IJIUT) KPUCTAIIU3ATOPOB MOCIe JOCTUXKEHUSI UMM MUHUMAJIbHO 10-
MMYCTUMOU TONIIWHBI. LIeTbio paboThl SIBJISIIOCH UCCIIEIOBAHNE BO3MOKHOCTH BOCCTAHOBJICHUS TIMTHI U3 TUCTIEPCHOHHO-TBEPACIONIeH
XPOMOIIMPKOHMEBOI 6poH3bl Mapku bpX1lp aTuM ke MaTeprasoM ¢ UCMOJIb30BaHUEM CBapKU TpeHueM ¢ nepeMeinuBanueM (CTIT), us-
yUYeHUe CTPYKTYpPbl, KauecTBa U TBEPJOCTU CBAPHOIO COEAMHEH NS, a TAKKe BIMSIHUS HA €0 CTPYKTYPY M TBEPAOCTb TEPMUUECKOil 0Opa-
60TKU (3aKanku u ctapeHust). C mpuMeHeHueM MHOTOIpoxoaHou riockocTHoi CTII BpamaonmuMcs ”HCTPYMEHTOM K3 KapOTPOYHOTO
cIjiaBa Py HAJOXEHUU (YJACTUYHOM MEePEeKPLITUM) TTOCIEA0BATEIbHBIX JOPOXKEK MOTYUYEHO CBAPHOE COeNMHEHME TONIINHON ~5 MM 6e3
KPUTUYHBIX Ae(DEKTOB CIJIOIIHOCTH (TpelIrH, rnop). B BocctanoBiaeHHOM crioco6om CTII ciioe 6poH3bl 0OHAPYKEHO pa3ynpoYyHEeHUe 10
85—105 HVI1 1o cpaBHEHUIO ¢ UCXOMHOI TBEPAOCTHIO OPOH3HI B 3aKaJICHHOM M COCTAPEHHOM COCTOSTHUM TUTUTHI, OBIBIIIEH B 9KCILIyaTa-
uuu (116—126 HV1). DTo cBsi3daHO ¢ peKpucTaIIn3alueil 1 nepectapuBaHueM (YKpymHeHUEM yacTull XpoMa) B Cr—Zr-0poH3e B pe3yJib-
TaTe Harpesa siipa cBapku (30HbI mepeMeniuBanus) no Temmeparyp 600—700 °C. OtmedyenHoe pasynpouHeHue ipu CTIT MoxeT GbITh
3bGEKTUBHO YCTPaHEHO TEPMUUECKOIT 00pabOTKOM (3aKaTKOIi C MOCIEAYIONIUM CTapeHUEM), TTPUBOISIIICH K MOBBIIICHUIO TBEPIOCTU
1o 120—150 HVI1. BoccraHoBiIeHHE MEIHBIX TJIMT 10 MEPBOHAYAIbHOM TOJIIMHBI TPOrPeCCUBHBIM 3K0I0ruYHbIM MeTogoMm CTII ¢ mo-
CJAeNyIOLIMM HaHECEHMEM U3HOCOCTOMKMX KOMIMO3ULIMOHHBIX MOKPBITUIX OTKPbIBAET MEPCHEKTUBBI NPAKTUUYECKU OECKOHEUHOTO LIMKJIa
9KCILIyaTallu¥ KPUCTAJTN3aTOPOB U UCKITIOUEHU I TOTpeOHOCTH Poccuu B X umIiopTe.

KuroueBbie ¢j10Ba: 1jinTa KpUcTajiM3aTopa, BOCCTAHOBUTEIbHBIN PEMOHT, OpOH3a, cBapka TpeHueM ¢ nepemelnnBanuem (CTII), TBep-
NOCTh, CTPYKTYpa, 3aKaJika, CTapeHUe.

BaarogapHoctu: PabGoTa BbIMOJHEHAa B paMKax TrocylapcTBeHHOro 3amaHus MuHoOpHayku Poccum (trema «CTpyKTypar,
Ne 122021000033-2) 1 KOMIIJIEKCHOTO TIpoekTa «Pa3paboTKa HOBBIX MaTepPUAJIOB U TEXHOJOTHH 1151 hOPMUPOBAHUSI IOKPBITUI, CTOMKHUX
B YCJIOBUSIX a0pa3MBHOTO M KOPPO3MOHHOTO M3HamuBaHusi» Y MHOLL mupoBoro ypoHst «[lepegoBbie TpoM3BOACTBEHHbBIC TEXHOJIOT MY U
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MmatepuajoB» UOM YpO PAH.
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Introduction

Continuous casting machines (CCMs) (Fig. 1, a) con-
tribute to more than 96 % of global steel production [1].
The main technological component of the CCM is the
mold, wherein the crucial consumable element comprises
water-cooled plates made from copper alloys (Fig. 1, b).

To decrease wear resulting from friction with the solidi-
fying slab shell, the thermal effects of liquid and solidi-
fying metal, as well as corrosive wear of the copper plates
in the lower part of the mold [2], protective coatings are
applied to the working surface of these copper plates.
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The dependency on imported copper plates fea-
turing protective galvanic coatings in Russian metallur-
gical plants was notably high, reaching 97 % in 2012.
This heavy reliance is critical for Russian national safe-
ty. The exit of foreign manufacturers and suppliers of
plates from the Russian market poses a tangible threat
to the Russian steel industry. Over the period spanning
from the 1960s to the 2000s, advancements in the com-
position of galvanic coatings led to a significant rise in
the average durability of copper plates, escalating from
100 to 1000 heats [1].

Nevertheless, the imported galvanic coatings em-
ployed as protective coatings present significant draw-
backs: notable susceptibility to wear and tear (Fig. 2, a),
the occurrence of thermal cracks within the coating
(Fig. 2, b), alongside high costs and limited environ-
mental friendliness associated with the galvanization
method.

In Russia, a collaborative endeavor involving special-
ists from R&D Enterprise “Mashprom”, JSC, Institute

Copper plate
Protective covering

Water-cooled
housing

] Crystallizer

of Metal Physics, Institute of Engineering Science of
Ural Branch of the Russian Academy of Sciences, Ural
Federal University, and several metallurgical enterprises
has successfully developed and implemented an inno-
vative technology for the restorative repair and produc-
tion of new copper plates for CCM molds, integrating
wear-resistant composite coatings [1; 3] (Fig. 3).

During the development of this new domestic tech-
nology, a series of pivotal tasks were addressed:

— formulation of metal-ceramic powder mixtures
for wear-resistant coatings was achieved by using pow-
ders within the Ni—Cr alloying system, incorporating
carbides (WC, Cr;C,, SiC, TiC), borides (CrB,, TiB,),
and metallic (Cr, Mo) compounds. Additionally, a
unique technology involving robotic high velocity air fu-
el (HVAF) thermal spraying for applying coatings was
created [1; 4];

— scientific substantiation of the optimal application
efficacy of composite coatings containing substantial
strengthening phases was accomplished [5];

Fig. 1. Schematic view of the slab continuous casting machine (CCM) (a) and mold design for the slab CCM (b)

Puc. 1. CxeMa MalllMHBI HEMPEPBIBHOTO JIMThSI 3arOTOBOK (@) M KOHCTPYKLIM S KpUcTaaiau3aropa ciasioosoii MHJI3 (b)

Fig. 2. Electroplated coatings defects: wear (a) and heat cracks (b)

Puc. 2. JlecdexThl raibBaHUUYECKUX MOKPBITUI: U3HOC (@) M TETIJIOBbIE TPEIIUHBI (b)
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Fig. 3. Slab CCM mold plates: wide (@) and narrow (b)

Puc. 3. [llupokas (a) u y3kue (b) CTEeHKM KpHUcTaJiu3aropa ciasoosoit MHJI3

— a methodology was developed, enabling the rein-
forcement of copper alloy and enhancing the heat
and wear resistance of the coating. This was achieved
through the implementation of a new scientific phenom-
enon wherein a wear-resistant framework composed of
coarse carbide and boride particles is formed during an-
nealing [6—9].

During industrial trials conducted at Russian met-
allurgical enterprises such as MMK, EVRAZ NTMK,
Severstal, NLMK, OMK-Steel, and others, it was deter-
mined that the durability of the innovative mold copper
plates increased significantly, ranging from 4 to 20 times
when compared to imported counterparts equipped with
galvanic coatings. Simultaneously, these advancements
led to an enhancement in the quality of produced bil-
lets. The wear resistance of the composite coatings has
demonstrated an ability to endure up to 700 thousand
tons of cast steel within a single overhaul cycle. The in-
tegration of this technology into the production com-
plex of R&D Enterprise “Mashprom” in Nizhny Tagil
surpasses the production capabilities of foreign compa-
nies that rely on galvanic production. This superiority
extends across environmental safety, energy efficien-
¢y, and resource utilization. The development entirely
aligns with the objectives outlined in the action plan of
the Russian Ministry of Industry and Trade, specifical-
ly addressing the need for import substitution in heavy
machine building. Following the successful implemen-
tation of this technology in major Russian Steelmakers,
the proportion of foreign slab molds utilized in domestic
steel mills decreased substantially, reaching 40 % by the
end of 2022.

The pressing challenge of restoring copper plates in
molds after reaching the minimum allowable thickness
remains unresolved. When the loss of copper plate ma-
terial reach 10—15 mm due to wear and repair cycles
(Fig. 4), the costly plate with cooling channels is typical-
ly discarded as it no longer meets the necessary mechan-

ical characteristic requirements.

Presently, the restoration of copper plates of con-
tinuous casting molds primarily relies on arc welding
using a non-consumable electrode within inert gases
(Fig. 5). However, this process exhibits low manufactu-
rability concerning this specific product due to the met-
allurgical intricacies involved in welding this material.
Copper and its alloys possess distinctive attributes such
as high thermal conductivity, heat capacity, coefficient
of thermal expansion, and a susceptibility to forming
hot cracks and pores. Notably, within the temperature
range of = 250+550 °C, copper experiences a reduction
in strength and ductility [10]. These properties necessi-
tate the preheating of a solid plate during TIG welding,
within a fairly narrow temperature range of approxi-
mately 350+10 °C. Throughout the TIG welding process
on a solid plate, maintaining the temperature within this
narrow range proves challenging. This difficulty signif-
icantly escalates the labor intensity compared to vol-
ume-based metal deposition estimations. The constant

15
MAX. REMACHINING

%
(15)

i
gt

N

Fig. 4. Schematic diagram of the copper CCM mold plate

Dimensions in mm

Puc. 4. KoHCTpYyKIIMSI METHOM TLTUTHI
KkpucTtanauzatropa MHJI3

PasMepsl yKa3aHbl B MM
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need for plate heating, labor costs to rectify defects, and
the inconsistent quality of the deposited metal amplify
labor requirements. Moreover, this technology poses en-
vironmental hazards and risks to the welder’s health.

Consequently, the information presented in Fig. 5
cannot be deemed a viable restoration technology for
extensive surface areas of plates, let alone for full-size
plates.

The utilization of specialized solid-state weld-
ing methods such as diffusion welding [11], explosion
welding [12], and ultrasonic welding [13] for the afore-
mentioned purposes is unfeasible. The impossibility of
using laser techniques arises from the high reflectiv-
ity exhibited by copper (95 %) and Cu—Cr—Zr alloy
(90 %) when exposed to fiber optic and other solid-state
lasers emitting at a wavelength (A) of 1064 nm, which is
standard in most complexes used for laser cladding and
additive manufacturing [14; 15]. This reflective prop-
erty hinders the application of modern laser technolo-
gies for the restoration of copper plates. The absorption
capacity of copper and chromium-zirconium bronze
significantly increases only for ultrashort wavelengths
(less than 550 nm) of electromagnetic radiation. How-
ever, powerful technological laser installations uti-
lizing green (A = 510+532 nm) and blue (A = 360+
+480 nm) lasers have yet to be developed. Consequent-
ly, the restoration of copper plates of CCM molds is
most promisingly addressed by advancing an environ-
mentally friendly friction stir welding (FSW) technol-
ogy to resolve these challenges.

70

Fig. 5. The mold plate

a — typical damage,

b — plate deposition via TIG welding,
¢ — deposited layer on the worn surface
Puc. 5. [1nurta kpucraaiusaropa

a — TUITUYHOE TTIOBPEXIICHUE,
b — mpoliecc HaTUIaBKK MTOBPEKIEHHOTO yUacTKa
JIyTOBOM CBapKOM HEIIaBSILIMMCS JIEKTPOIOM,
€ — HaruIaBJIEHHbIN CJIOW Ha U3HOLIEHHON
TIOBEPXHOCTU

The FSW technology, initially proposed in the So-
viet Union [16] and subsequently patented by the British
Institute of Welding in 1991 [17], facilitates the joining
of materials in a solid state by employing a rotating tool
to stir the materials. This process induces a plastic state
in the material due to frictional heating without reach-
ing a melting point, resulting in the formation of a weld
through mechanical stirring of the metal in the work-
pieces [18—20]. FSW operates at relatively low tempera-
tures, circumventing issues associated with conventional
fusion welding, such as overheating and related crystal-
lization defects like porosity, cast structure, and crys-
tallization cracks. Since the early 2000s, active research
has been conducted on FSW and Friction Stir Process-
ing (FSP) of pure copper [21—23] and nickel aluminum
bronze [24; 25]. Extensive studies have focused on creat-
ing dissimilar welded joints involving copper alloys [26;
27], copper or bronze in combination with other met-
als [28—31], and analyzing structural patterns during
FSW of copper [21]. Additionally, investigations have
explored phase transformations and various properties
of surface-modified FSP cast nickel-aluminum bronz-
es, encompassing corrosion and cavitation resistance, as
well as fatigue resistance [18; 32—34]. Specific studies
have delved into the characteristics of FSW involving
Cu—Cr—Zr alloys [35; 36].

In a study [37], the potential for restoring CCM mold
copper plates using the FSW method with a Cu—Ag al-
loy is discussed. Moreover, research has demonstrated
the capability of joining pure copper plates with thick-
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nesses of 16—22 mm to copper plates with thicknesses of
2.5—5.0 mm using FSW [38]. The intricacies of FSLW
of a 5 mm thick plate made of pure copper to a fragment
of a mold plate, composed of Cr—Zr bronze, were exam-
ined [39]. However, it’s noteworthy that in studies [37;
39], the welding was conducted in separate tracks rather
than over the entire surface.

To restore substantial sections of the plate, mul-
ti-pass FSLW involving the sequential overlap of welds
is necessary, subjecting the metal to thermomechanical
influence during joint performance. Achieving com-
plete restoration of a Cr—Zr bronze plate is best accom-
plished using the same bronze material as a filler rather
than pure copper, as detailed in [38]. This study demon-
strated that, under specific FSW conditions, a welded
copper joint exhibited nearly equal strength compared
to a copper base. When restoring Cr—Zr bronze with a
pure copper plate in the welding zone, an increase in mi-
crohardness to 150—190 HVI was observed compared
to the original coarse-grained bronze with a hardness of
110—130 HVI. This rise was attributed to the formation
of an ultrafine structure (0.5—1.0 pum) resulting from
FSW and dispersion strengthening of the alloy using na-
no-sized particles of chromium and the CusZr interme-
tallic compound [39].

However, in the case of multi-pass FSLW of thick
Cu—Cr—Zr alloy plate, high temperatures within the
mixing zone led to adverse effects such as grain growth,
dissolution and coarsening of strengthening phases.
This resulted in a detrimental impact on the mechan-
ical and physical properties of the material [40]. The
structure and strength properties of Cr—Zr bronze
can be significantly influenced by both the thermo-
mechanical effects during multipass FSLW and subse-
quent heat treatment processes, particularly hardening
and aging, which are commonly employed for disper-
sion-hardening alloys.

The objective of this study is to investigate the po-
tential for restoring a plate made of dispersion-strength-
ened Cr—Zr bronze using the same material through the
multi-pass friction stir lap welding method while ap-
plying consecutive joints with partial overlay. Addition-
ally, the study aims to analyze the structure, integrity,
and hardness of the welded joint, as well as to assess the
impact of heat treatment (quenching and aging) on its
structure and hardness.

Materials and methods

The foundational material comprised a 38 mm thick
plate, constituting the copper plate of a CCM mold.
Made from precipitation-hardening chromium zir-

conium bronze, it underwent hardening, aging, and
subsequent operational phases. Additionally, a 5 mm
thick bronze plate with identical chemical composi-
tion served as filler material, wt.%: 98.82—99.57 Cu;
0.80 Cr; 0.13 Zr; <0,03.Ni; <0.01 As; <0.003 Pb;
<0.01 Zn; <0.002 Bi; <0.01 Sn; <0.1 impurities. Unlike
solid solution strengthened alloys, which exhibit reduced
thermal conductivity due to dissolved alloying elements,
the precipitation-strengthened Cu—Cr—Zr alloy of-
fers both high strength and superior thermal conduc-
tivity [41]. The remarkably low solubility of chromium
and zirconium in copper at temperatures below 600 °C
facilitates the creation of an alloy matrix primarily com-
posed of pure copper, thereby ensuring high thermal
conductivity. Meanwhile, finely dispersed particles of
chromium and the intermetallic compound CusZr serve
as strengthening phases, significantly enhancing the
alloy’s strength and heat resistance following thermal
aging. Chromium plays an important role in dispersion
strengthening, whereas zirconium contributes to elevat-
ing the recrystallization temperature, thereby enhanc-
ing heat resistance.

To bond the plates through an “overlap” technique,
a portal welding setup was utilized at the Institute of
Metal Physics of Ural Branch of the Russian Academy
of Sciences (Fig. 6, a). The workpiece was secured on-
to the welding table using the equipment depicted in
Fig. 6, b. For the welding process, a specialized weld-
ing tool crafted from the heat-resistant alloy was em-
ployed. This tool featured a conical threaded pin, 6
mm in length, with a base diameter of 8 mm tapering
down to 6 mm at the tip (Fig. 7, a). As illustrated in
Fig. 7, this rotating welding tool was angled at o = 3°
opposite to the welding direction and immersed in-
to the filler plate, thereby generating a zone of su-
perplasticity. The heat necessary for welding was
produced through the friction between the rotating
tool’s pin and the shoulder, combined with intense
plastic deformation of the metal plate. The heating
process resulted in the plasticization of the material
around the pin. As the tool moved forward, it me-
chanically transferred the material from the front to
the back edge of the tool, effectively filling the weld.
The tool’s shoulder applied pressure to the plate’s sur-
face, ensuring that the flow of plasticized metal re-
mained close to it. Consequently, a welded joint was
formed without requiring the material to melt.

Multi-pass lap welding was executed through a se-
quence of successive passes, with a seam axis step of
6 mm, which accounts for 0.86 of the average diameter of
the tool’s conical pin, measuring 7 mm. The welding pa-
rameters were as follows: load §' = 13.7+15.7 kN, spindle
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Fig. 6. FSW machine: general view (a) and equipment
for securing restorable plate and filler material
on the welding table (b)

Puc. 6. Ycranoska st CTII: o6iuii Bua (@)

M OCHACTKA JUJTSI 3aKPETJICH sl BOCCTaHABJIMBAEMOIi
TUIUTHI ¥ TPUCAZIOYHOTO MaTepuaia Ha CBApOYHOM
crode (b)

(

Fig. 7. Heat-resistant stir tool (@) and schematic drawing of multi-pass FSLW (b)

S —load, W — tool rotational speed, V— longitudinal welding velocity, o — tilt angle

Puc. 7. BHelHMIi BUJ CBAPOYHOT0 MHCTPYMEHTA U3 KapOoIpOYHOTro cIjiaBa (a) ¥ cxema mpouecca miockoctHoit CTII (b)

S — Harpy3ska; W — cKopocTb BpallleHUsI MTHCTpYMeHTa, 00/MUH; V — CKOPOCTb CBApKU, MM/MUH; OL — YTOJI HAKJIOHA, TPpajl

(tool) rotation speed W = 900 rpm, and welding speed
V=30 mm/min (refer to Fig. 7, b). Throughout the weld-
ing process, the parts were cooled by directing an air jet
onto them. The temperature at the periphery of the tool
shoulder was monitored using a DGE 10NV non-con-
tact laser pyrometer (DIAS_Pyrospot, Germany).

Following FSW, a heat treatment procedure was im-
plemented, involving quenching from 1050 °C (held for
T = 1 hour in an evacuated ampoule) in water, followed
by aging at t =450 °C (t = 1 hour, cooled in air).

The macrostructure of the samples was examined
through optical microscopy after etching in a 50 %
aqueous solution of nitric acid. This analysis was con-
ducted on transverse metallographic sections perpen-
dicular to the passages of the welding tool. The fine
structure was scrutinized using Transmission Elec-
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tron Microscopy (TEM) using thin foils. For assess-
ing hardness, a Vickers indenter with a load of 1 kg was
employed via a Qness 10A+ automated hardness tester
(Qness, Austria). Comprehensive data was obtained,
including 2D maps, 3D hardness distribution profiles,
and hardness distribution curves along the depth of the
welded joint. This involved conducting 10 measure-
ments at various depths to ascertain the hardness char-
acteristics.

Results and discussion

Figure 8, a presents an overall view of the plate
surface, which was reconstructed through multi-pass
FSLW, displaying overlapped tracks from individual
passes of the welding tool. The examination of the mac-
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rostructure of the welded joint on a transverse section
(across the passages) revealed specific characteristics
(Fig. 8, b): the structure of the used bronze plate ex-
hibited large recrystallized grains, measuring between
5t0 20 mm.

As documented in [39], scanning electron microsco-
py reveals spherical particles of pure chromium featur-
ing a BCC Ilattice, measuring 1—5 pum in size, distrib-
uted within the grains of a metal matrix. Additionally,
rod-shaped particles, reaching up to 1 um in size and
representing CusZr with a complex face-centered cubic
lattice type BesAu [43], were observed. Optical micros-
copy (Fig. 9, a) also distinctly highlighted the presence
of round chromium particles, up to 5 um in size, within
the plate’s structure. Their existence in the original plate

structure following hardening, aging, and prolonged op-
erational use can be attributed to the limited solubility of
chromium in copper, which, even at ¢ = 1050 °C, does
not exceed 0.6 wt.% [41].

Transmission electron microscopy observations re-
vealed the existence of a specific quantity of dislocations
within the copper grains (Fig. 10). However, the elevat-
ed hardness of the restored CCM mold plate, measuring
between 116—126 HVI (Fig. 11 and 12, curve 1), is pri-
marily attributed not only to these structural character-
istics but predominantly to the presence of pre-deposits
in the aged bronze, specifically Guinier—Preston zones,
and nanodispersed chromium particles that are coherent
with the matrix. These elements generate elastic stress
fields within the matrix [44—46].

Fig. 8. Appearance of the FSW restored layer (@) and macrostructure of the restored layer and substrate in a transverse

cross-section (b)

Puc. 8. Bun BoccranosnenHoro CTII-cios (@) 1 MaKpoCTpYKTYpa BOCCTAHOBJEHHOTI'O CJI0S1 Y MOMJIOXKKU B MOMEPEYHOM

ceyeHuwu (b)

b

Fig. 9. Chromium particles in the initial
bronze structure in the mold plate (a),

in the restored bronze layer after FSW (b),
and after quenching from 1050 °C (¢)
(optical microscopy)

Puc. 9. YacTuus xpoma

B MCXOTHOM CTPYKTYpe OPOH3HI B ITUTE
KpucTaau3aTopa (a), B BOCCTAHOBIEHHOM
cnoe 6pon3sl mocne CTII (b) u mocne
JIoTNoJHUTeAbHOM 3aKaiku oT 1050 °C (c)
(onTHUYecKass MUKPOCKOIUSI)
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In Figure 8, b, it is evident that multi-pass welding,
with a 6 mm step, generates a continuous bronze layer
approximately 5 mm thick on the plate’s surface. This
layer is formed due to the partial overlap of welded
joints. The restored layer exhibits a relatively uniform
macrostructure. Importantly, no observable continuity
defects such as breaks, cracks, or pores were detected ei-
ther across the entire cross-section of the welded joint
or along the boundary of the connection between the
applied material and the metal of the plate undergoing
restoration.

The analysis conducted via an automated hardness
tester provided a 2D map, a 3D hardness distribution
profile (Fig. 11), and a graph illustrating changes in
hardness along the depth of the welded joint (Fig. 12,
curve 7). These assessments revealed a reduction in the
hardness of the applied layer to a range of 85—105 HV1
due to multi-pass FSLW. This decrease contrasts with
the initial hardness of the CCM mold plate, which was
measured at 116—126 HV1. Additionally, no significant

Fig. 10. Initial microstructure of the Cr—Zr bronze (TEM)

differences or noticeable drops in hardness were ob-
served in the overlap area of adjacent passages. Within
the thermomechanically affected zone (refer to Fig. 11,
zone I1), a slight increase in hardness was noted com-
pared to the hardness level in the original (base) metal
of the mold plate. This elevated hardness can be attri-
buted to the deformation hardening of the plate material
nearby the rotating welding tool caused by its mecha-
nical action.

Optical metallography analysis reveals a notable
dispersion in the structure of the deposited bronze
layer, particularly evident in the weld nugget (Fig. 13).
This dispersion results in the weld structure exhibiting
grain sizes, ranging from units to tens of micrometers
(Fig. 14). In the upper section of the layer restored by
FSW (stir zone) (as shown in Fig. 13), a fine-grained
equiaxial recrystallized structure emerges, charac-
terized by a grain size of approximately 5 pm (refer to
Fig. 14, a). While the predominant size of recrystal-
lized grains in the stir zone falls within the range of

a — bright-field image and electron-diffraction pattern, zone axis [12§ ]; b — dark-field image in the f31Cu reflection

Puc. 10. VicxonHast cTpyKTypa 6pOoH3bI M3 TIUTHI KpucTajau3zaropa MHJI3 (ITOM)

a — CBETJIONOJIbHOE N300pakeH!e 1 KapTHHA MUKPOAUMPaKIU, OCb 30HBI [125]; b — TeMHOMOIBHOE U300paxeHue B pepiaekce 131,
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Fig. 11. Hardness distribution of the weld: 2D-map (a) and 3D profile (b)
I — stir zone of the restored layer; II — thermomechanically affected zone; III — initial (base) metal of the mold plate

Puc. 11. PacripenesieHre TBepaOCTH IO CEYCHUIO cBapHOTo coeauHeHus: 2D-kapra (a) u 3D-nipoduis (b)

I — BocctaHoBieHHbII crtoco6oM CTTI cioit 6poH3bl (30Ha nepeMeninBaHus); I — 30Ha TEpMOMEXaHUYECKOTO BIIUSTHUS;

11T — vicxonHBIii (OCHOBHOI) METAJIT TUTUTHI KPUCTAIIM3aTOPa
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5 to 15 um, observations at different depths beneath
the surface reveal areas and bands spanning several
hundred micrometers with a grain size of up to 20—
50 um (see Fig. 14, b, ¢). Within the thermomechani-
cally affected zone (refer to Fig. 13), a combination of
fine-grained structure and deformed coarse grains is
evident (depicted in Fig. 14, d). These areas gradually
transition into the structure resembling the initial ma-
terial of the mold plate.

Hardness, HV1

Restored layer

160+

140

1204

100+

804

60

40 T T T
0 2 4 6 8 10

Distance from surface, mm

Fig. 12. Hardness distribution in the restored layer

and the mold plate after various technological operations
1— FSW; 2 — FSW + quenching 1050°C;

3 — FSW + quenching 1050°C + aging at 450°C

Puc. 12. PacipeneneHuie TBepIOCTH B BOCCTAHOBICHHOM
cnoe Cr—Zr-6poH3bl U TIUTe KpuctauiudaTopa MHII3
MocJie Pa3JIMYHbIX TEXHOJIOTMYECKUX ONepaluii

1— CTII; 2 — CTII + 3akanka ot 1050 °C;

3 — CTII + 3akanka ot 1050 °C + crapenue mipu 450 °C

5 mm

Fig. 13. General view of a transverse section of the weld

I — stir zone of the restored layer; II — thermomechanically affected
zone; Il — initial (base) metal of the mold plate

Puc. 13. O61uii BUI ITOIepevyHOTOo IITu(a CBapHOTO
COEIMHEHU ST XpPOMOLIMPKOHUEBOI OPOH3bI

I — BoccraHoBeHHBIM criocodom CTTI cioit (30Ha nepemMelnBaHus);
II — 30Ha TEPMOMEXaHMUECKOTO BIUSTHUS;

IIT — vicxoaHbIi (OCHOBHOI) METaJLT IJIUThI KPUCTAJLIM3aTopa

The movement of material around the pin of the
welding tool during FSW is intricate, characterized by
gradients in the degree and rate of deformation as well as
temperature fluctuations [18; 19]. Consequently, the mi-
crostructure in the weld nugget (stir zone) retains traces
of varying thermomechanical histories of different met-
al layers. This leads to structural heterogeneity due to
the complexity of FSW. In the case of multi-pass FSW
(as shown in Fig. 7, b and 8, a), additional thermal and
thermomechanical effects on the metal structure occur
due to different weld zones overlapping (such as thermal
and thermomechanically affected zones and the weld
nugget). This further contributes to the observed struc-
tural heterogeneity in the restored layer and the zone of
thermomechanical influence, as highlighted in Figs. 13
and 14. Notably, despite the varied grain sizes observed
in these zones, it’s essential to point out that this diver-
sity did not significantly impact the uniformity of hard-
ness distribution in these specified zones (as evident in
Figs. 11 and 12). Furthermore, it’s important to men-
tion that the heat-affected zone does not exhibit distinct
identification based on changes in the size of structural
components or alterations in the material’s hardness.

Transmission electron microscopy examinations in
the stir zone reveal the presence of areas with deformed
grains alongside a significant number of clean recrystal-
lized grains characterized by broad banded boundaries
(Fig. 15 a, b). Within these grains, chromium particles
are observed (Fig. 15, ¢), with sizes that can extend up
to 100 nm. Heating to high temperatures and intense
plastic deformation during multi-pass FSW leads to the
initiation of dynamic recrystallization processes behind
the welding tool and contribute to the enlargement of
strengthening phases (overaging). It’s previously shown
(refer to Fig. 9, b) that FSW does not result in complete
dissolution of coarse chromium particles, which are in-
itially present in the structure of the original plate (as
seen in Fig. 9, a). Consequently, these relatively larger
chromium particles, which can reach sizes of up to 5 um,
do not exert a decisive influence on the material’s hard-
ness.

The substantial decrease in hardness within the stir
zone, from the initial 116—126 HVI1 of the continu-
ous caster mold plate to the range of 85—105 HVI (as
observed in Fig. 11 and 12), despite the significant re-
finement of the bronze grain structure (as depicted in
Fig. 8, b and 14), is attributed to recrystallization and
overaging processes resulting from multi-pass FSW.
During the FSW of chromium zirconium bronze, the
temperature measured at the periphery of the tool shoul-
der, composed of the heat-resistant alloy, registered at
500—550 °C (Fig. 16) using a non-contact laser pyrome-
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Fig. 14. Structure of chromium-zirconium bronze in the restored layer of the continuous caster mold plate after FSW
(optical microscopy)
a — near the surface; b — mid area, ¢ — area of variable grain structure, d — the transition zone «layer — base metal»

Puc. 14. CTpyKTypa XpOMOILMPKOHKMEBOI OPOH3BI B BOCCTAHOBJICHHOM CJIO€ TUIUTHI KpuctaianuzaTopa MHJI3 mocne CTII
(onTUYeCKast MUKPOCKOITH )

a — BOJIM3K TIOBEPXHOCTH; b — B LIEHTPAIbHOM YaCTH BOCCTAHOBJIEHHOTO CJI0sI, ¢ — HA IPAHMIIE YYaCTKOB C Pa3HOPa3MEPHOIA CTPYKTYPOIi,
d — B IepeXoHOI 30HE C OCHOBHBIM METAJLIIOM

Fig. 15. Bronze structure in the stir zone (TEM)

a — bright-field image and electron-diffraction pattern,
zone axis [112]; B

b — dark-field image in the 111, reflection;

¢ — bright-field image of the chromium particles

Puc. 15. CtpykTypa OpoH3BI
B 30He niepeMetnuBaHus ([19M)

a — CBETJIONOJIbHOE N300pakeHne U KapTHHA
MUKpoIudpakinu, ock 30HbI [112]; B

b — TemHoMoOJBHOE M300paxkeHue B peaexce 111q;
¢ — CBETJIONOJIbHOE N300paXeHHe YacTHLL XpoMa
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ter. Simulation results [40] indicate that the temperature
within the weld zone (stir zone) surpasses the measured
value by 100—150 °C, reaching 600—700 °C. Addition-
ally, the accumulation of metal heating under multi-pass
FSW conditions contributes to the softening effect. In a
study [39], during a single-pass FSW with a tool made
of H13 die steel, which heated the welding zone to ap-
proximately 420 °C, a reduction in bronze softening was
observed. Conversely, this led to material strengthen-
ing by 1.5—2.0 times. This outcome suggests that less
heating did not trigger the development of overaging
processes.

Quenching the material from 1050 °C induces sub-
stantial growth in many grains within the layer restored
by multi-pass FSLW (Fig. 17, a, b). This growth occurs
due to the development of recrystallization processes
during high-temperature exposure to the quenching
process. The thermal dissolution of dispersed strength-
ening phases, particularly chromium particles meas-
uring up to 100 nm observed post-welding (refer to
Fig. 15, ¢), facilitates the growth of recrystallized grains.
Consequently, in certain areas of the restored layer,

grain growth expands to several hundred microns, often
accompanied by the formation of annealing twins (de-
picted in Fig. 17, a, b). The observed grain coarsening
and the dissolution of dispersed reinforcing chromium
particles contribute to significant softening, reducing

i

R O N
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1 2 3 4 5 6 1, min
Fig. 16. Temperature variation at the periphery of the welding

tool shoulder during FSW of Cr—Zr bronze

Puc. 16. VI3ameHeHue TeMTiepatypsl Ha iepudepun
3ariedyrKa CBapOYHOTO MHCTPYMEHTA B IIpo1iecce
miaockocTHoi CTII XpoMoOLIMpKOHUEBOM OPOH3BI

Fig. 17. Cr—Zr bronze structure in the restored layer after various heat treatments (optical microscopy)
a, b — FSW + quenching from 1050 °C; ¢, d — FSW + quenching from 1050 °C + aging at 450 °C

a, ¢ — near the surface; b, d — in the mid area of the restored layer

Puc. 17. CtpykTypa XpOMOLIMPKOHNEBOI OPOH3BI B BOCCTAHOBIEHHOM CJIO€ TIMTHI KpucTtaiuzaropa MHJI3
nocJie pa3JaMYHbIX TEPMUYECKUX 00pabOTOK (ONMTUYECKAST MUKPOCKOITH )

a, b — CTII + 3akanka ot 1050 °C; ¢, d — CTII + 3akaznka ot 1050 °C + crapenue npu 450 °C
a, ¢ — BOJIM3U MMOBEPXHOCTHU; b, d — B LIEHTPaAJIbHOI YaCTU BOCCTAHOBJIEHHOTO CJIOS
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the hardness to values between 52—62 HVI1, observed in
both the restored layer with a dispersed structure and the
coarse-grained base material of the plate (Fig. 12, cur-
ve 2). Interestingly, even after one hour of hardening at
t = 1050 °C, coarse chromium particles up to 5 microns
in size, initially present in the bronze structure of the
original plate (as seen in Fig. 9, a) and post-FSW treat-
ment (as shown in Fig. 9, b), retain in the structure (seen
in Fig. 9, ¢). This retention is due to the limited solubility
of chromium in copper, which at the specified quench-
ing temperature does not exceed 0.6 wt.% [41].
According to the observations made through trans-
mission electron microscopy, following the quenching
process, coarse grains exhibit a limited number of dis-
locations found both inside the grain and at high-an-
gle boundaries (Fig. 18, a). Additionally, undissolved
dispersed chromium particles, measuring up to 30 nm,
are present (Fig. 18, b), alongside twins (Fig. 18, ¢, d).
Figures 18, ¢, d also show a deformation contrast in the
form of “butterfly wings” or arcs. The structural ima-
ges reveal specific contrasts, such as “coffee beans” and
“rings”, which indicate the presence of Guinier—Pres-
ton zones within the structure. These zones are known

to be coherently associated with the matrix [44; 45] or
forming nuclei of chromium particles that generate
a field of elastic stresses around themselves within the
matrix [46]. The emergence of such characteristic struc-
tural features of aged bronze post-quenching in water
[44—46] could be linked to the use of a sealed ampoule
during the high-temperature heating of the sample,
causing a delay in its cooling process.

Quenching followed by aging at = 450 °C results
in the strengthening of the weld joint to 120—150 HV1
(as observed in Fig. 12, curve 3). This strengthening ef-
fect occurs despite the presence of large grains within
the structure of the restored layer (seen in Fig. 17, ¢, d),
formed during the heating to 1050 °C for quenching. In
the bright-field TEM image, a contrast in the form of
arcs is observed within the grain bulk (Fig. 19, a), in-
dicating the initial stages of fine strengthening phase
formation. Moreover, the dark-field image in Fig. 19, b
indicates the release of a considerable number of dis-
persed particles enriched with chromium from a super-
saturated solid solution. These released particles play
a significant role in efficient dispersion strengthening,
affecting both the layer restored by FSW and the origi-

Fig. 18. Bronze structure in the stir zone of FSW joint at a depth of 1 mm (a, b) and at a depth of 4 mm (¢, d) after quenching

from 1050 °C (TEM)

a, b — bright-field images; ¢ — bright-field image and electron-diffraction pattern, zone axis [114]; d — dark-field image in the 1_31Cu reflection

Puc. 18. CrpykTypa 6pon3ssl B 30He nepememinBanust CTII na rnyoune 1 mum (a, b) u 4 mm (c, d) mocne 3akanku ot 1050 °C

(TIOM)

a, b — cBeTIIONOobHbIE N300PAXKEHUST; ¢ — CBETJIONOJIbLHOE N300pakeHe U KapTHA MUKPOIUGDPAKIINH, OCh 30HBI [ 114],

d — TeMHOTIOJIbHOE M300pakeHue B pediekce 1_31(;u
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Fig. 19. Bronze structure in the stir zone near the surface at a depth of 1 mm, after quenching from 1050 °C followed

by aging at 450 °C (TEM)

a — bright-field image and microdiffraction pattern, zone axis [123]; b — dark-field image in the 11 1oy, cr mixed reflection

Puc. 19. Ctpykrypa 6pon3sl B 30He nepemeniuBanusi CTII Ha rmyoune 1 mm nocie 3akanku ot 1050 °C

u ctapeHus nmpu 450 °C (ITBM)

a — CBETJIOTIOJIbHOE N300pakeHne U KapTUHA MUKPOIUGbPaKIIUU, OCh 30HHI [123];

b — TemHOMONMBHOE M306paXKeHHsT B cMetaHHoM pedrexce 111¢y ¢

nal plate of chromium-zirconium bronze (as seen in
Fig. 12, curve 3). This signifies the dominant role of
the dispersion strengthening mechanism over the grain
boundary strengthening mechanism. Active release of
dispersed chromium particles during aging is facilitated
by the presence of chromium-enriched Guinier—Pres-
ton zones or chromium particle nuclei, as observed in
the discussion regarding Fig. 18, ¢, d, subsequent to
hardening. Consequently, this heat treatment process
(quenching followed by aging) effectively reverses the
de-strengthening effect observed in the stir zone of
chromium-zirconium bronze, a result of overaging dur-
ing the multi-pass FSW caused by overheating.

Conclusions

The manufacture and restoration of CCM molds
hold significant strategic importance for ensuring the
national safety of the Russian Federation within the
steel industry. An innovative technology has been de-
veloped and practically implemented in major Russian
metallurgical enterprises for the restoration and produc-
tion of new mold plates, incorporating wear-resistant
composite HVAF thermal spray coatings. This inno-
vation has shown remarkable performance, surpassing
imported plates with galvanic coatings by a significant
margin (4—20 times), while simultaneously enhancing
the quality of the produced workpieces. Consequently,
the reliance on foreign slab molds in Russian metallur-
gical plants has been decreased from 97 % in 2012 to
40 % by the end of 2022.

To prolong the service life and reduce the cost of
consumable components in a CCM, solutions are being

sought to address the pressing issue of restoring copper
plates of slab molds after reaching the minimum per-
missible thickness due to operation and repairs. The
advantages and potential of restoring mold plates using
Cr—Zr bronze are being explored, employing the envi-
ronmentally friendly method of multi-pass Friction Stir
Lap Welding by applying a filler plate made of the same
material onto the restored plate. A series of successive
passes using a rotating conical tool with partial joints
overlap produced a welded layer (restored bronze layer)
approximately 5 mm thick, exhibiting no critical con-
tinuity defects such as breaks, cracks, or pores. Various
grain sizes, ranging from units to tens of microns, were
observed in the weld zones.

The FSW process, coupled with blowing the welding
zone with an air jet, resulted in softening of the bronze
within the restored layer, measuring 85—105 HV1 com-
pared to the original plate hardness of 116—126 HVI.
This softening phenomenon is linked to dynamic
recrystallization and overaging, involving the coarsen-
ing of chromium particles to approximately 100 nm in
Cr—Zr bronze due to heating the weld nugget (stir zone)
to temperatures of 600—700°C.

Subsequent quenching from 1050 °C further contrib-
uted to the softening of the bronze, reducing its hardness
to 52—62 HVI. This affected both the FSW restored
layer with a dispersed structure and the original plate
containing coarse grains (5—20 mm) due to the devel-
opment of recrystallization and thermal dissolution of
dispersed strengthening phases (chromium particles) up
to 100 nm in size, observed post-welding.

Subsequent aging at a t = 450 °C results in the
strengthening of the restored layer to a 120—150 HVI,
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despite the retention of coarse-grained structure formed
during the heating process for quenching. This effi-
cient strengthening during aging, observed in both the
restored layer and the original plate, is attributed to
the release of chromium-enriched dispersed particles
from a supersaturated solid solution. This highlights
the predominant role of the dispersion mechanism in
strengthening Cr—Zr bronze over the grain-boundary
strengthening mechanism. The active release of dis-
persed chromium particles during aging is facilitated by
the formation of chromium-enriched Guinier—Pres-
ton zones or nuclei of chromium particles within the
bronze layer restored by FSW, which begins during the
quenching stage. Consequently, the softening of bronze
during multi-pass FSW can be effectively eliminated by
quenching followed by aging.

The restoration of copper plates to their original
thickness using multi-pass friction stir lap welding cou-
pled with the subsequent application of wear-resistant
composite coatings ensures a continuous operational
cycle for slab molds and substantially diminishes the
necessity for their importation. The utilization of ad-
vanced FSW methods for plate restoration, apart from
being economically efficient, also promises considera-
ble environmental benefits. This approach reduces the
requirement for environmentally harmful metallurgical
production to manufacture new mold plates from copper
alloys.
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