JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2020;9(6):15874-15879

journal homepage: www.elsevier.com/locate/jmrt

Available online at www.sciencedirect.com

jmr&it

Journal of Materials Research and Technology

JMR&T

JOURNAL OF MATERIALS
RES o ECHNOLOGY

Short Communication

Formation of nano-sized compounds during S
friction stir welding of Cu—Zn alloys: effect of tool

composition

Check for
updates

Akbar Heidarzadeh **, Amin Radi ”, Guney Guven Yapici "

& Department of Materials Engineering, Azarbaijan Shahid Madani University, Tabriz, 53714-161, Iran
® Mechanical Engineering Department, Ozyegin University, 34794, Istanbul, Turkey

ARTICLE INFO ABSTRACT

Article history:

Received 1 July 2020

Accepted 19 November 2020
Available online 27 November 2020

Keywords:

Friction stir welding

Cu—Zn alloys

Electron backscattered diffraction
(EBSD)

Transmission electron microscopy
(TEM)

For the first time, the origin of tool composition effect on microstructure and mechanical
properties of the friction stir welded joints has been disclosed. For this aim, nano-
indentation, orientation image microscopy, and transmission electron microscopy were
employed to analyze the microstructure and mechanical properties in the case of copper-
zinc alloy joints welded by different tool compositions. The results showed that the nano-
sized intermetallic compounds were formed in the stir zone when using a hot-work steel
tool, which increased the strength of the joint. The outcomes of this work can be used to
modify the friction stir welded joints of various metals and alloys.
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Friction stir welding (FSW) of different metals and alloys has
become a hot topic in recent years. To date, many researchers
have investigated different aspects of FSW, in which the
common goal is the structure-properties modification [1,2].
The FSW literature reveals that one of the most important
parameters influencing the final microstructure and me-
chanical properties of friction stir welded (FSWed) materials is
tool design [3]. In this regard, most of the researchers have
focused on tool pin and shoulder profile design. However, the
effect of tool composition on the microstructure and me-
chanical properties has been neglected. Therefore, a relevant
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question is whether the tool composition affects the micro-
structure and mechanical properties of the FSWed metals and
alloys or not? To answer this question, two different tool
compositions were used for FSW/P of a single phase Cu—Zn
alloy and the FSWed materials were characterized using
transmission electron microscopy (TEM) and nano indenta-
tion test.

2. Materials and methods

The base metal (BM) was a single phase brass plate with
30 wt.% Zn and dimensions of 150 x 100 x 2 mm provided
form Farda-Negar Co. Two different tools were made of WC-
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Co and H13 hot work tool steel provided form Farda-Negar Co.
The tools had same profiles, which were both composed of a
cylindrical shoulder with a diameter of 12 mm and a simple
cylindrical pin with a diameter of 3 mm and a length of
1.7 mm. The brass plates were FSWed under the equal process
parameters using different tools of WC-Co and H13 tools. The
rotational speed, traverse speed, and plunge depth was set
constant at 450 rpm, 150 mm/min, and 0.2 mm, respectively.
For the sake of briefness, the FSWed samples by WC-Co and
H13 tools are coded as WC and H13 samples, respectively. It is
notable that H13 tool was thermal treated to increase its
hardness to 52 HRC.

For investigating the mechanical properties, nano-
indentation tests were performed a MTS XP Nano-indenter
(Oak Ridge, Tennessee, USA) equipped with a Berkovich dia-
mond indenter. The reverse algorithm was used to extract the
local mechanical properties (yielding strength ¢, and strain
hardening exponent n) [4]. The microstructure of the joints
was first examined by optical microscopy (OM-Tokyo, Japan),
and orientation image microscopy (OIM). The OIM specimens
were cross sectioned from the joints perpendicular to the FSW
direction. The specimens for OIM were finalized after me-
chanical polishing by electropolishing for 30 s in a solution
containing 250 mL H3PO,4, 250 mL ethanol, 50 mL propanol,
500 mL distilled water, and 3 g urea at 10 V and 25 °C. A Philips
XL30 E-SEM (USA) field emission gun scanning electron mi-
croscope equipped with an electron backscattered diffraction
(EBSD) system was employed for OIM. The average grain size
of the samples was calculated by OIM software according to
ASTM standard. Transmission electron microscopy (TEM,
JEOL JEM 2010-Tokyo, Japan) was used for more clarification of
the microstructural details. For TEM sample preparation, the
electrojet thinning was used with a solution of 30% HsPO, and
70% distilled water at the applied potential of 80 V.

3. Results and discussion

The nano-indentation results showed that the yield strength
(sy) and strain-hardening coefficient (n) were equal to 172
MPa/0.28, and 191 MPa/0.26, respectively for WC and H13
joints. In fact, the change of tool composition from WC to
H13 has caused an increase of 11% in ¢,, and a decrease of
7.1% in n of the FSWed material. The macrographs of the
joints are illustrated in Fig. 1, which show that both the
joints were composed of distinct microstructural zones of

base material (BM), thermomechanically affected zone
(TMAZ), and stir zone (SZ). These macrographs show that
both tools had similar effect on deformation and heat gen-
eration during FSW due to their equal geometries and di-
mensions [5,6].

The inverse pole figure (IPF) map, grain average misorien-
tation (GAM) map, and (111) pole figures for the joints are
illustrated in Fig. 2. From Fig. 2a, and d, the average grain sizes
were 3.18 and 1.46 um, respectively, for the WC and H13
samples. The GAM maps (Fig. 2b, and e) can be used for esti-
mation of dislocation densities, qualitatively [7], in which the
higher GAM values refer to higher internal energies. As seen,
there was not a considerable difference between the GAM
maps of WC and H13 samples, which indicated similar dislo-
cation densities. In addition, the pole figures (Fig. 2¢, and f)
disclosed a shear texture type formed in the samples. The
texture strength were also approximately equal in both sam-
ples. Thus, the only difference between the microstructures of
the WC and H13 samples is their average grain sizes, in a way
that H13 has caused finer grains.

It is well documented that the grain structure formation
during FSW of brass alloys is governed by competition of two
types of dynamic recrystallization (DRX) known as continuous
and discontinuous dynamic recrystallization (CDRX and
DDRX) [8,9]. Therefore, the fine grained structures of WC and
H13 joints (Fig. 2) are due to occurrence of both the CDRX and
DDRX during FSW. The grain size after DRX is a function of the
“Zener-Holloman” parameter (Z), which is dependent on
process parameters such as temperature and strain rate [10].
In addition, the chemical composition and physical properties
such stacking fault energy (SFE) of metals and alloys can
change the DRX grain sizes [10,11]. In this study, all the pro-
cess parameters, chemical composition, and physical prop-
erties of the BMs were constant during FSW. The only
parameter being altered was the tool composition.

In order to identify the effect of tool composition on the
substructure of the samples, TEM analysis was used. The TEM
images of the samples revealed considerably differences be-
tween the substructures (Fig. 3 and 4).

From Fig. 3, the substructure of WC joint contained grains
with a high density of dislocations, which had tangled struc-
tures. This type of substructure in WC joint is frequently
mentioned in literature [12]. However, in the case of H13 joint,
in conjunction with a high density of tangled dislocations,
some newly formed compounds with spherical morphology
were observed as shown in Fig. 4a, and b. The EDS analysis

Fig. 1 — Macrographs of the joints welded using: (a) H13 tool, and (b) WC tool. The macrographs were produced by combining

several OM images.
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Fig. 3 — STEM images of the WC joint. (a) Formation of high density of dislocations with tangled structures inside the DRX
grains. (b) High magnified image of dislocations.

(Fig. 4c) disclosed that the matrix contained only Cu and Zn, The formation of these compounds can be explained by a
where the nano-sized compounds contained Cu, Zn, Fe, and diffusion controlled mechanism due to two reasons. First,
Cr. It is notable that the amount of Cr was quite low in these these compounds have a spherical morphology, and they can

compounds compared to other elements. be formed from the debris of the tool. It is well documented
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Fig. 4 — (a) Substructures of the H13 joint showing: (a) formation of spherical nano-sized compounds (see also Fig. 4b), (b)
existence of a dissuasive layer around the nano-sized compounds, (c) EDS results for the matrix and nano-sized compounds

indicated in (a) and (b).

that during FSW of hard materials, tools are damaged due to
severe plastic deformation, and the tool wear causes the
travelling of tool debris into the joints [13]. These debris have
irregular shapes and are not to be the source of detected
CuZnFeCr compounds. Secondly, there are diffusive in-
terlayers which are formed between the matrix and the
spherical compounds as marked in Fig. 4b. Therefore, it can be
concluded that Fe and Cr have dispatched from the tool during
FSW, and then they have traveled inside the joint to combine
with Cu and Zn. The spherical morphology of the formed
compounds is due to their low surface energy, which makes
them stable from the thermomechanical view point.

The TEM images had also shown the origin of finer grain
sizes of H13 joint compared to WC joint. The spherical nano-
sized compounds were detected on the grain boundaries, as
shown in Fig. 5a. After grain structure formation during FSW
by CDRX and DDRX mechanism, the DRX grains experience a
growth step [11]. The nano-sized compounds pin the grain
boundaries during growth step as shown in Fig. 4a, and leads
to a reduction in their mobility. Thus, nano-sized compounds
inhibit the growth of DRX, and hence the finer grain sizes are
formed in the H13 joint. Similar mechanisms have been re-
ported in the case of two phase alloys such as duplex brass
alloys [12].

From the viewpoint of strengthening mechanisms, nano-
sized compounds had increased the strength of H13 joint
due to the following mechanisms, which confirm the nano-
indentation results. Firstly, nano-sized compounds caused
finer grain sizes, and hence larger area of grain boundaries.
Grain boundaries act as obstacles to dislocation movement

during deformation, and thus the strength of metals and al-
loys increase by a reduction in their grain sizes according to

ay :oo+kyd’]/2 (Hall-Petch equation). In Hall-Petch equa-
tion, oy is yield strength, oo refers to the single crystal strength,
ky is constant, and d stands for grain size. Secondly, nano-
sized compounds pin the dislocations as shown in Fig. 5b. It
is well established that the pinning of dislocations by sec-
ondary phases leads to a reduction in their mobility, and
hence the strength increases, which is known as load bearing
effect (Agip). In the load bearing effect (Aoyz), high density of
dislocations around the reinforcements results in large plastic
strain fields, and hence large amount of applied stress is
needed to continue the deformation. Aoz can be formulated
as follows [14]:

Aoys = VFre (s/ A) <Ta/2> + 0,VF, (1)

The diffusive layer around the nano-sized compound is
obvious, which confirm the previous explanations. Thirdly,
stacking faults (SFs) were detected inside the larger nano-
sized compounds as shown in Fig. 5c. In Fig. 5d, the HRTEM
image of nano-sized compounds is also shown. Therefore,
the new compounds are deformed by the formation of SFs
inside them, which cause strengthening of the matrix. In
addition to the mentioned mechanisms, the other mecha-
nisms are also probable mechanism according to the litera-
ture. In equation 2, VFp and VF, are volume fraction of
reinforcements and matrix, respectively. ¢, and 7, are yield
and shear strengths of matrix. S and A refer to the interfacial
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Fig. 5 — (a) STEM image showing grain boundary pinning by nano-sized compounds in H13 joint, (b) STEM image showing
dislocation pinning, (c) STEM image and (d) HRTEM image showing formation of SFs inside the nano-sized compounds.

and cross sectional area of reinforcements. Furthermore, the
difference between thermal coefficient of matrix and re-
inforcements cause to production of dislocations during
cooling cycle of process, which is called usually thermal
mismatch mechanism (Aory). Thermal mismatch mecha-
nism is one of the main mechanisms leading to higher yield
strength in composites in which the generated geometrically
necessary dislocations results in work hardening [15]. More-
over, the Orowan mechanism (Agor) can also contribute in
strengthening of composites. In this mechanism, interaction
of moving dislocations with reinforcements causes bending
of dislocations and produces back stresses, which hinders
migration of dislocations [16]. In summary, H13 joint had
higher strength than WC joint due to grain boundary, dislo-
cation pinning, and SF strengthening mechanisms induced
by nano-sized compounds.

4, Conclusion

Different WC-Co and H13 steel tools were used for FSW of
Cu—30Zn plates, and the following conclusions can be sum-
marized. Using H13 tool causes higher strength in the joint
due to following mechanisms. During FSW, Fe and Cr travel

from the tool surface into the CuZn matrix, and they form
nano-sized intermetallic compounds. These compounds pin
the DRX grain boundaries, and inhibit their mobility and grain
growth leading to finer grain sizes. In addition, nano-sized
intermetallics pin the dislocations, and reduce their
mobility. Moreover, SFs are formed in the atomic structure of
these compounds. In summary, tool composition has a
considerable effect on the microstructure and mechanical
properties of the joints. The outcome of this study can be
utilized in designing FSW tools suitable for joining different
metals and alloys.
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