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Abstract: The use of friction stir processing (FSP) to modify the physical and mechanical properties of age-

hardenable low-alloyed bronzes is a promising and at the same time complex task due to the wide temperature range 

of its implementation. The difficulty is that friction stir processing of bronzes can result in the formation of funda-

mentally different types of microstructures with a wide range of grain sizes and various combinations of types of 

strengthening phases and their various morphologies. Moreover, options are possible when friction stir processing 

leads to degradation of properties of bronzes. A favorable combination of properties can be achieved by low-

temperature friction stir processing. In this work, the main microstructural changes in promising Cu–Cr–Zr–Y bronze 

were analyzed during low-temperature friction stir processing with a tool rotation speed of 1000 rpm and a feed rate 

of 25 mm/min (ensuring a temperature in the stir zone of ≈350 °C). Scanning electron microscopy and EBSD analy-

sis revealed the mechanisms of formation of an ultrafine-grained structure with predominantly high-angle bounda-

ries, as well as the development of two types of simple shear crystallographic textures. It is shown that  

the Cux(Y,Zr) phase observed in the initial structure can undergo mechanical destruction or retain its geometric p a-

rameters depending on its initial morphology and location. It is shown for the first time that excess Cr particles  

(the equilibrium fraction at the heating temperature for quenching) may not be destroyed, but plastically deformed 

with a strong change in their morphology. During friction stir processing of the bronze under study, particles of  

a new Y-containing phase are released. The paper considered the relationship of the distribution of microhardness 

and electrical conductivity and the observed changes in the microstructure of a new promis ing material. 
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INTRODUCTION 

Friction stir processing (FSP) is one of the methods 

for increasing the strength characteristics of metallic 

materials by modifying the microstructure mainly due to 

grain refinement during dynamic recrystallization pro-

cesses. Optimization of the FSP parameters of single-

phase alloys aims to achieve a combination of two main 

characteristics: (1) to obtain a defect-free region and (2) 

to achieve grain refinement. The greatest difficulties 

arise with respect to alloys strengthened by particles of 

second phases, in particular by low-alloyed bronzes. For 

bronzes, defect-free processing zones can be obtained in 

a relatively wide temperature range (0.27–0.77 Tmelt) [1–

3], i.e. the process of friction stir processing can occur at 

various combinations of temperatures and deformation 

values. In this case, the process temperature will control 

the precipitation/dissolution and coarsening of particles 

of strengthening phases, as well as the size of dynami-

cally recrystallized grains. In the works [2; 4], it is 

shown that a favorable combination of mechanical prop-

erties and electrical conductivity of Cu–Cr–Zr bronzes is 

achieved under the condition of carrying out the friction 

stir processing at temperatures near 0.27–0.40 Tmelt, 

which is close to the temperatures of artificial aging of 

bronzes [5–7]. Thus, a favorable combination of bronze 

properties can be obtained after friction stir processing at 

fairly low temperatures limiting the size of recrystallized 

grains and ensuring the precipitation or stability (within 

acceptable limits) of strengthening particles. Considering 

the rather narrow range of FSP temperatures (0.27–

0.40 Tmelt), at which favorable combinations of physical 

and mechanical properties are achievable, it is worth 

mentioning that, in addition to the FSP parameters,  

the second equally important factor is the initial state of 

the bronze microstructure. The possibility of refining 

Cu–Cr–Zr bronze grains to a range of ≈160 nm ap-

proaching the nanoscale was demonstrated in [8], while 

the formation of ultrafine grains of ≈300 nm was demon-

strated in [4]. In the first case, quenched plates were 

used as the processed material [8], while in the second 

case, the alloy was aged to maximum strength [4]. In 

both studies, an increase in the hardness and strength of 

the alloys was observed; however, the effect of friction 

stir processing on the electrical conductivity was signifi-

cantly different. Friction stir processing of quenched 

bronze increased the electrical conductivity from 34 to 

38–50 % IACS [8]. This increase is relatively small 

compared to the effect of aging. Probably, in this case, 

the process temperature was lower than the temperatures 

of intense decomposition of the solid solution (the tem-

perature was not measured). Friction stir processing of 

aged bronze led to a slight decrease in electrical conduc-

tivity from 80 to 70–74 % IACS due to partial dissolu-

tion of Cr particles and an increase in its content in  

the matrix [4]. As a result, the most promising idea is to 

conduct low-temperature friction stir processing of 

quenched bronze, which in the long term can eliminate 

the procedure of subsequent aging aimed at the for-

mation of hardening phases. 

Low-alloyed bronzes of the Cu–Cr–Zr system are 

used in a wide range of applications, for example, in  

the manufacture of electrodes for contact welding, con-

tact wires for railways, crystallizers for continuous cast-

ing of steel, liners in combustion chambers of rocket 

engines, blanket modules of thermonuclear reactors.  

A wide variety of applications allows believing that sol-

id-phase FSP technology is promising in terms of modi-

fying the structure, as well as the physical and mechani-

cal characteristics of a number of critical parts.  

Bronzes of the Cu–Cr–Zr–Y system are a new materi-

al; little research has been conducted on them. Therefore, 

it is very difficult to predict the behavior of this material 

during friction stir processing: to estimate the kinetics of 

grain refinement, phase composition, response of physical 

and mechanical characteristics to the evolution of the mi-

crostructure, which justifies significant scientific and 

practical interest in this work. Additional alloying of  

the Cu–Cr–Zr system bronze with Y was used for refining 

[9] and additional dispersion strengthening – in the Cu–Y 

system at temperatures below ≈900 °C, the solubility of Y 

in the matrix decreases [10]. It means that in quenched 

bronze with the addition of Y, upon subsequent heating to 

temperatures below ≈900 °C (during aging or heating dur-

ing friction stir processing), the precipitation of strength-

ening phases is possible.  

The aim of this work is to identify the main patterns of 

microstructure formation in bronze of the Cu–Cr–Zr–Y 

system under low-temperature friction stir processing and 

to assess the influence of microstructural changes on hard-

ness and electrical conductivity. 

 

METHODS 

The material for the study was Cu–0.9%Cr–0.17%Zr–

0.05%Y (wt. %) bronze. The initial state was obtained by 

forging a cast billet at temperatures of 850–1000 °C in air 

and cooling followed by heating to 920 °C (holding for 1 h) 

and cooling in water. After that, the billet was cut into 

3 mm thick plates. Friction stir processing was carried out 

using a hemispherical tool with a pin diameter of 5 mm and 

flat shoulders with a diameter of 12 mm made of WC+Co 

hard alloy. 

The FSP experiments were carried out on an AccuStir 1004 

installation (USA) at a tool rotation speed of 1000 rpm and 

a feed rate of 25 mm/min with a tool tilt of ≈2.5° and a pen-

etration depth of 2.8 mm. The selected parameters are de-

termined by the results of temperature measurements in  

a number of experiments on the friction stir processing at  

a rotation speed of 1000 rpm and varying feed rates  

(the mode with the lowest temperature and without external 

defects was selected). A sheet of 09G2S steel with a thick-

ness of 4 mm was used as a substrate (a material under  

the bronze sheet). 

Temperatures (thermal cycle) at the edge of the stir zone 

(SZ) were measured using a FLUKE 54 II B thermometer 

(USA) using chromel-alumel thermocouples. The tempera-

ture was measured at the middle of the sheet thickness.  

The measured maximum temperature of the friction stir 

processing did not exceed 350 °C. 

Macro- and microstructure were studied on a transverse 

section after vibration polishing on a Buehler VibroMet 2 

installation (USA) in an OP-U suspension for 24 h.  
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The macrostructure was analyzed after etching the polished 

sample in a mixture of 100 ml of 30 % H2O2 and 5 ml of 

H2SO4 using an Olympus GX51 optical microscope (Ja-

pan). The microstructure (in the Z-contrast mode) was stud-

ied using a Quanta 600 FEG scanning electron microscope 

(SEM) (USA) equipped with an attachment for energy-

dispersive analysis of the composition and an EBSD at-

tachment (an attachment for analyzing electron backscatter 

diffraction patterns).  

In this work, two areas of the sample were studied: (1) 

the top of the SZ – at a distance of 50 μm from the surface 

of the processed zone and (2) the center of the SZ. For each 

of the states, EBSD maps of 50×50 μm in size with a scan-

ning step of 0.1 μm were obtained. The data were processed 

and analyzed using TSL OIM Analysis 8 software. For tex-

ture analysis, EBSD maps were cleaned by removing all 

points with a CI (confidence index) of less than 0.1. To es-

timate the average grain size and grain misorientations, 

cleaning was performed using the standard “grain dilation” 

function with a minimum grain misorientation threshold of 

15° and a minimum grain size of 3 pixels. 

Vickers microhardness profiles were obtained in  

the middle of the FSP zone thickness using a Wolpert 

402MVD microhardness tester (Netherlands) with a load 

of 100 g, a holding time of 10 s, and a measurement step 

of 0.25 mm.  

The IACS relative conductivity (according to the Inter-

national Annealed Copper Standard) was estimated as  

a percentage of the annealed copper conductivity of 

58.1 mS/m at 20 °C:  

 

58.1

yticonductiv electrical Bronze%100
IACS


 . 

 

The relative conductivity profiles were obtained by the 

eddy current method using a Constant K-6 installation (RF) 

by taking measurements with a step of 1 mm from the sur-

face of the plate perpendicular to the FSP direction after 

grinding on 1000 grit sandpaper. 

Thermodynamic modeling of the equilibrium phase 

composition was carried out using the Thermo-Calc soft-

ware package using the TCHEA4: High Entropy alloys  

v. 4.2 database. 

 

RESULTS 

Microstructure in the initial state 

The microstructure of bronze in the initial state is repre-

sented by large grains with an average size of 64±35 μm 

(excluding twin boundaries), within which multiple anneal-

ing twins were observed (Fig. 1). 

Most of the grain boundaries were decorated with a se-

cond phase interlayer, which stood out strongly against the 

matrix background in the Z-contrast mode in the form of 

light contrasting areas (Fig. 1 a). The composition assess-

ment showed that these areas are enriched in Cu, Zr and Y 

with a total content of (Y+Zr) in the range of 8–15 at. %, as 

shown in Fig. 1 c. The detected phase can be designated by 

the formula Cux(Y,Zr), where x varies from 5.6 to 9.7.  

The study at high magnifications (Fig. 1 b) showed that  

the light areas have an uneven contrast, which is associated 

with the heterogeneity of the Zr distribution (Fig. 1 b, d). In 

addition to the grain boundary arrangement, a (Y+Zr)-rich 

phase in the form of spherical inclusions with sizes from 4 

to 18 μm (Fig. 1 c) was observed in the grain body. In some 

cases, the inclusions were located on black particles. 

The microstructure also contained multiple homogene-

ously distributed particles with an average size of 

1.02±0.78 μm with a black contrast, which were enriched 

with 78–98 at. % of Cr (Fig. 1). 

Macrostructure after friction stir processing 

The macrostructure of the sample after the friction stir 

processing is represented by different zones, which include 

the stir zone (SZ), the thermo-mechanically affected zone 

(TMAZ), and the base material zone, which is schematical-

ly shown in Fig. 2. Fig. 2 a shows the location of the stir-

ring tip relative to the observed zones showing that the stir 

zone is not limited by the pin size, but expands towards  

the edges of the tool shoulders. Along the entire periphery 

of the stir zone, there is a TMAZ (Fig. 2 b, d) represented 

by fibers of elongated grains, followed by the main material 

zone with large grains.  

Three types of inclusions are observed in all macro-

structural zones of the treated area (Fig. 2 e, f, g): (1) gray 

spherical particles, (2) black areas of irregular morphology 

and (3) black spherical particles with internal inclusions 

and a contrast close to the matrix. 

Microstructure and crystallographic texture  

after friction stir processing  

The microstructure of bronze after FSP is represented 

by submicron grains with a fraction of high-angle 

boundaries of about 0.85 both at the top and in the center 

of the SZ – Fig. 3, 4 and Table 1. According to the data 

obtained by SEM, the average grain size in both areas of 

the SZ was ≈0.28 μm, while according to the EBSD re-

sults – ≈0.35–0.40 μm. Comparison of the size distribu-

tion shows that the measured values fall into the same 

size range from 0.15 to 0.8–1.0 μm and differ only in the 

intensities of each of the size groups, which is also re-

flected in the overlap of the average sizes taking into 

account the standard deviation of the value (Table 1).  

It means that the presented data are representative and 

reliable. The grains have a deviation from equiaxiality, 

as evidenced by the shape factor (SF) value equal to 1.99 

for the top and 1.82 for the center of the SZ. In general, 

the friction stir processing leads to a decrease in the aver-

age grain size by 200 times. 

The obtained experimental distributions of the mis-

orientation angles of the top and center of the SZ are quali-

tatively similar to each other (Fig. 5). The distribution is 

characterized by the presence of two main maxima at small 

(≈2.5°) and large (≈45°) angles of misorientations with an 

intensity of up to 4 %. The experimental distribution of 

misorientation angles, random distribution and texture-

induced distribution show the presence of a maximum in 

the angle range near ≈45°. 

It is believed that the deformation scheme under 

FSW/FSP is close to the simple shear scheme [15], in this 

case, the shear surface can be the surface of the hemispherical 
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 a b 

     

 c d 

Fig. 1. Microstructure of bronze in initial state: 

a – general view at ×500 magnification; b – grain boundary phase and particles in the grain body at ×6000 magnification;  

c – (Y+Zr)-enriched inclusions in the grain body and chemical compositions of the grain boundary phase (spectrum 1)  

and particles in the grain body (spectrum 2); d – distribution of elements in Fig. 1 b between phases  

Рис. 1. Микроструктура бронзы в исходном состоянии: 

a – общий вид при увеличении ×500; b – зернограничная фаза и частицы в теле зерна при увеличении ×6000;  

c – (Y+Zr)-обогащенные включения в теле зерна и химические составы зернограничной фазы (спектр 1)  

и частицы в теле зерна (спектр 2); d – распределение элементов на рис. 1 b между фазами  

 

 

 

pin or the lower surface of the shoulders, while the shear 

direction is tangential to the tool surface. Thus, the shear 

geometry varies greatly in different parts of the SZ. To re-

veal the crystallographic texture in the sample, it is neces-

sary to rotate the EBSD map. Experimental and corrected 

maps with rotation angles relative to different directions are 

shown in Fig. 6. Pole figure analysis showed that the entire 

SZ exhibits the formation of a combination of axial <110> 

and limited      {112}<110> simple shear textures. 

Analysis of secondary phases revealed the following 

features. Both at the top and in the center of the SZ after 

FSP, contrasting spherical inclusions were observed, which 

were previously observed in the initial state (Fig. 7). It is 

worth noting that grain boundary phases were not observed. 

For visual comparison, the micrographs in Fig. 1 a and 

Fig. 7 are presented at the same magnification (×500).  

The main differences between the top and center of the SZ 

are that at the top of the stir zone, contrasting white banded 

structures elongated along the direction of rotation were 

observed.  

During the initial analysis of the microstructure by  

the SEM method in the Z-contrast mode at high magnifica-

tions, contrasting black bands were observed in the studied 

zones of the sample (Fig. 8 a, b), the direction of which 

coincided with the direction of tool rotation. Such bands 

could have unclear outlines and bend repeatedly. Analysis 

of the distribution maps of the alloy components (Fig. 8 c, 

d, e, f, g, h) revealed that these are strongly deformed parti-

cles “smeared” between the matrix layers, enriched with Cr. 

After FSP, Cr particles had a wide variety of morphologies, 

ranging from large spherical particles to repeatedly bending 

plates and particles of variable shape, which differed much 

from the morphology of Cr particles of predominantly 

spherical shape in the initial state (Fig. 1).  

In the microstructure of the studied zones after FSP,  

a few particles of a new phase enriched in Y were detected 
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