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Abstract: Brazing joints of Ti/Ti under ultrasonic vibration (USV) and compression load were inves-
tigated using optimized and modified filler alloys of Al-Si-Cu-(Ni)-(Sr) group prepared in the lab.
Preliminary trails at semisolid to liquid states were conducted using the ready Al-Si-Cu-(Mg) alloy
as a filler, then the brazing cycle was redesigned and enhanced according to the microstructural
observations of the produced joints. USV assisted brazing at semisolid state of low solid fraction
was able to produce joints with round silicon morphology and granular a — Al, while at high solid
fraction, USV was only able to affect the silicon and intermetallic particles. Applying a compression
load after ultrasonic vibration, at a designed solid fraction, was proved to be a successful technique
for improving the quality of the joints by reducing the porosity, enhancing the soundness of the
joint, and the diffusion at the interface. Based on alloy composition and the improved brazing cycle,
joints of thin intermetallic layer and high shear strength (of 93 MPa average value) were achieved.
The microstructures and the mechanical behavior were discussed based on the filler compositions
and brazing parameters.
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1. Introduction

In the previous work [1], a detailed insight into a brazing process that combined ini-
tial load and USV was presented. The study included the design of the ultrasonic brazing
process (the amplitude, gap distance, and acoustic pressure within the filler). In addition,
the effect of Si percent on the intermetallic thickness and morphology, the distribution of
the acoustic pressure within the filler at brazing temperature, and the role of the initial
load were studied and discussed. Within the experimental conditions of the brazing pro-
cess [1], ultrasonic vibration led to reducing the size and number of the primary silicon
particles. However, the brazed joints using Al-135i were characterized by an acicular mor-
phology of the eutectic silicon and a long needle morphology of Fe intermetallic as a result
of the low cooling speed and filler composition. To address those microstructures issues,
a modified filler alloys and brazing cycle should be considered, where the formation of
the harmful phases can be reduced or eliminated.

In pure titanium, the transformation a & f occurs after 882 °C. Following the bi-
nary phase diagrams for Ti with other elements, alloying elements shift this temperature
and stabilize the allotropic forms a or § to either higher or lower temperatures. Brazing
at low temperature, lower than the transformation temperature, and lower than any heat
treatment temperature of the base metal, is a preferred choice for brazing the thin-wall
structures [2]. During the application of ultrasonic vibration (USV) a fast breakage of the
oxide layer takes place combined with an enhanced movement of the molten filler [3-5].
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Using ultrasonic vibration as an assisted tool in brazing adds more complexity to the or-
dinary brazing process, this complexity comes from the interaction between the para-
ments of USV and the ordinary brazing parameters such as the filler thickness and the
temperature. Although reducing filler thickness usually is favorable in brazing, for effec-
tive and defect-free ultrasonic-assisted brazing, there is an optimal ratio between the filler
thickness and the vibration amplitude which was proved experimentally and numerically
[1,6,7].

The formation of sharp edges and coarse microstructures in Al-Si alloys affects their
mechanical properties. Si particle fracture is the most common form of damage develop-
ment in Al-Si alloys. Cast Al alloys with low ductility are observed to have coarse and
elongated Si particles, which promotes fast damage evolution [8,9]. The addition of ele-
ments such as Sr, Na, Ba, and Ca is found to modify the coarse acicular eutectic Si into the
fibrous form [10,11]. Several mechanisms were proposed and discussed on modification
of Si by Sr, such as the impurity induced twinning model and restricted growth theory
[12]. The addition of Sr to Al-Si alloys increases the strength slightly by modifying the
eutectic silicon and reducing the presence of the primary silicon [13,14]. After Sr addition
(0.25%) to the composite of Al-9.65i-2.2Cu-0.25Mg-0.8Fe alloy/TiAl; [15] the eutectic sili-
con particles are spheroidized and TiAl; particles are changed from plate to globular, as
well as, both of them were homogeneously distributed.

The strength of the filler itself is one of the factors that affect the overall joint strength
especially for the joint with a relatively wide joint gap. In aluminum alloys, adding the
transition alloying elements such as Cu, Ni is an effective way to improve the strength for
high-temperature applications [16]. The addition of Cu to aluminum alloys is used to
achieve high-performance alloys that are often used for aerospace and aircraft applica-
tions. High percent Cu in brazing alloys did not produce an acceptable strength [17].
Therefore, hypoeutectic Al-Cu alloys with a relatively low percent of Cu should be con-
sidered. The addition of Ni increases the alloy strength, on the other side, the melting
point starts to increase largely after passing the eutectic point 2.7 wt.% [18]. Moreover, the
excess addition of Ni has no effect or negative effect on the strength of the alloy. Therefore,
the addition of Ni should be limited according to the designed melting temperature of the
filler alloy and by considering the contribution of the alloy bulk properties on the joint
strength.

According to Yang et al. [16], by increasing Cu content, Ni-rich phases participated
as y-phase, the highest strength was for the alloy (Al-12.87Si-5.45Cu-0.19Fe-0.2Mn-
1.04Mg-1.83Ni-0.114Ti-0.0052P), where the ratio of Cu to Ni is around 3. The addition of
Ni to Al increased the tensile strength and the hardness but decreased the elongation. For
the wear rate, the addition of Ni up to 3% decreased it, then the rate was increased for
further additions of Ni. The authors of that study attributed this behavior to the tendency
for embrittlement and microcracking caused by the hard fibrous Al;Ni intermetallic [19].

Although, adding Sr increased porosity in Al-Si-Cu alloy [20,21]. Sr addition (around
96 ppm) to 319 alloy resulted, through the increased number of silicon particles available
as nucleation sites, in increasing the portion of the blocky Al,Cu and causing porosity,
Nevertheless, the application of USV which is a part of the brazing process in this work
was proved as an effective tool in reducing the porosity in aluminum alloys including Al-
Si-Cu alloys [22].

During aluminum casting, the formation of the intermetallic compounds may coin-
cident with porosity. Some intermetallic compounds favor the formation of shrinkage po-
rosity by blocking the interdendritic feeding channels, for instance, § — AlsFeSi, or a —
Al;5(Fe, Mn);3Si, in hypoeutectic Al-Si alloys [23]. Shrinkage porosity can also be found
as scattered microshrinkage or microporosity in the interstices of dendritic solidification
zones. This kind of shrinkage porosity is observed in alloys with a large melting range
[24]. Since the brazing joint is composed of multiple components and usually surrounded
or fixed within a complex combination of materials, the solidification of the joint under a
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proper load could improve the joint quality and reduce the possible defects that could
developed during solidification.

To control the formation of the intermetallic at the interface and to avoid or reduce
the formation of the harmful microstructures in the joint, the brazing time-temperature
cycle should be carefully optimized. It was found that brazing temperature around the
solidus point has less effect on the formation of the harmful microstructures within the
joint, in addition, the formed intermetallic at the interface was minimum at relatively high
Si content [1]. Holding at the liquid state of the filler, increases the loss of the filler outside
the joint and could damage the microstructures of the joint which are obtained after the
USV treatment.

Following all the mentioned issues and considerations, two Al-Si-Cu-(Ni)-(Sr) filler
alloys were produced in the lab and tested, along with the alloy Al-3Cu-9Si-(Mg), under
a variety of brazing conditions. First, ultrasonic assisted brazing followed by compression
load was investigated at different solid fractions using the filler Al-3Cu-9Si-(Mg). Then
brazing cycle was optimized to combine liquid and semisolid brazing conditions. Using
the optimized brazing cycle, the fabricated filler alloys from Al-Si-Cu-(Ni)-(Sr) alloys sys-
tem were tested under multiple conditions. The effects of the loads and the USV were
evaluated at selected solid fractions of the filler alloys. The additions of Ni and Sr in the
Al-5i-Cu-(Ni)-(Sr) filler system were evaluated and the resulted microstructures, interface
reactions, and strengths were discussed.

2. Materials and Methods
2.1. Preparation of Bulk Filler Alloys

For producing the required filler alloys, master alloys of Al-Ni, Al-Cu binary systems
were first prepared in the lab from their pure elements, while Al-13Si alloy was cut from
its ingot, remelted, and degassed. An electrical resistance furnace equipped with a PID
temperature controller was used for melting processes under a normal air atmosphere.
An additional electric furnace was used for heating the mold. External K-type thermocou-
ples and an NI-9211 temperature input module from National Instruments were used for
temperature readings (for the mold and the melt). The master alloys Al-Cu and Al-Ni
were prepared by melting their pure elements in a crucible of zirconia stabilized with
magnesia at the temperatures 750-800 °C and 850-900 °C, respectively. After each melting
process and before pouring, the alloys were degassed for around 10 min, gentle stirring
was applied from time to time for a few seconds. To increase the cleanness of the master
alloys, they were re-melted two times. At the end of each melting process, degassing pro-
cess was performed. After casting, the casted alloy was removed from the mold and
cooled by compressed air followed by water.

With the proper additions of pure aluminum, two filler alloys were then prepared
using both the prepared and available master alloys. The prepared filler alloys were Al-
9Si-4Cu and Al-8Si-4Cu-2Ni with the addition of (0.02-0.026) wt.% Sr. No Ti was added
to the filler alloys during the preparation nor ultrasonic treatment was applied, since Ti
tends to dissolve during the USV treatment using the available Ti-6Al-4V sonotrodes [25].
The commercial Al-95i-3Cu-(Mg) alloy was used as it is (only degassed). Al-95i-3Cu-(Mg)
has a composition near to the fabricated alloys but with a higher percent of Fe, Mg, and
few minor elements without Sr. The filler alloy preparation ended with a 10 min degassing
by Ar and then pouring from 720-730 °C in a 200 °C mold. After pouring directly, the
mold with the cast were immersed in a tap water container. Table 1 presents the compo-
sition of the master alloys, while Table 2 presents the composition of the final filler alloys,
where F0, F1, and F2 were used as a simple coding for the filler alloys. The microstructures
of the master and filler alloys are shown in Figures 1 and 2, respectively.
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Table 1. Compositions of the master alloys.
. Composition, wt.%

Master Alloy Alloy Origin Treatments Ni_ Si_ Cu Fe Ti S Mg Al
Al-16Ni Lab-made Melted and degassed for 2 times 16.04 - - - - - - Bal
Al-27Cu Lab-made Melted and degassed for 2 times - - 271 - - - - Bal
Al-135i Commercially available ingot Melted and degassed - 1312 0.022 0.47 0.012 - 0.007 Bal.

. AL-55r - Commercially available rod Added to the melt directly - - - - - 5 - Bal
(Nominal composition)
Table 2. Compositions of the filler alloys (wt.%).
Filler Code Filler Alloy Ni Si Cu Fe Ti Sr Mg Zn Mn Al

Fo Al-9Si-3Cu * 0.097 9183 3.178  0.891 0.029 - 0.178 0.835 0.253 Bal.

F1 Al-95i-4Cu-(Sr) 0.084 9.054 3903 0318 0.0087  0.0193 - 0.019 0.033 Bal.

F2 Al-8Si-4Cu-2Ni-(Sr) 2345 7905 4.078 0.302  0.0096  0.0258 - 0.014 0.031 Bal

* Al-9Si-3Cu has also (0.072 Pb and 0.017 Sn) wt.%.

50 |_Hn' ]

. éSDum .

Figure 1. Light microscope images of the master alloys, (a) Al-27Cu; (b) Al-16Ni; (c) Al-13Si.
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Figure 2. Light microscope images of the filler alloys where: (a,b) The degassed filler alloy Al-9Si-3Cu-(Mg) or FO from its
ingot; while the prepared filler alloys from the master alloys are Al-95i-4Cu-(Sr) or F1 filler alloy in (c,d); and Al-8Si-4Cu-
2Ni-(Sr) or F2 filler alloy in (e,f). The scale on the figures (a, ¢, and e) is 200 pm, while on (b, d, and f) is 50 pm.

2.2. Preparation of the Brazing Assembly

The filler materials slices were cut and prepared from the casts with a thickness of
0.723:0%: mm and dimensions of 9 mm X 22 mm for F1 and F2 alloys, and 12 mm x
22 mm for FO alloy (except for FO-4 and FO-5 brazing conditions). The base metal parts of
118 mm X 22 mm X 3 mm were cut from a sheet of titanium (Al-6Al-4V). The active joint
side/part is the parent metal part which is connected to the sonotrode. More details about

the lap joint assembly, the preparation process, and the filler form can be found in [1].
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2.3. Fillers and Joints Characterization

The chemical compositions of the filler alloys (Table 2) were determined using SPEC-
TROMAXXx optical emission spectroscopy (SPECTRO, AMETEK Materials Analysis Divi-
sion). A standard sample with accurate composition was used for further calibration of
the measurements.

JSM-6010LV (JEOL, Japan) Scanning Electron Microscope (SEM) equipped with an
energy dispersive spectroscope (EDS) (INCAx-act, PentaFET Precision, Oxford Instru-
ments) was used for microstructures characterization of the joint’s cross-section and the
chemical composition analyses of the phases. EDS analysis at the largest possible radius
was conducted also to verify the composition of the master alloy that could not be meas-
ured with the mentioned optical emission spectroscopy. Tensile tests were carried out at
room temperature using Universal Testing Machine (INSTRON-Model 8874, MA, USA)
with 1 mm/min strain rate. The shear strength of each single-lap joint was calculated by
dividing the ultimate strength on the actual brazed area. During the test, spacers were
fitted to the two ends of the tested joint at the clamping areas. An image processing pack-
age Fiji (Image], 1.53 k, National Institutes of Health, Bethesda, MD, USA) was used for
any further related measurements.

After the brazing process, the brazed joints were cut at the middle (approximately
0.5 mm around the centerline), The sectioned samples for the microstructure and chemical
analyses were ground using a series of increasingly fine SiC papers up to P4000 and then
polished with polycrystalline 1 pm diamond suspension followed by 0.02 um of colloidal
silica. All the samples were ultrasonically cleaned. A light microscope LEICA DM 2500 M
(Leica Microsystems, Germany) was used for the microstructures evaluation and for ob-
serving the cleanness of the bulk filler alloys and master alloys. A part of the samples used
for microstructure characterization by light microscope was etched using Keller’s reagent
and anodized using a solution of 1.25% fluoroboric acid in distilled water.

2.4. Experimental Set-Up

The brazing trails were done using a special experimental brazing apparatus. Using
this apparatus, load and temperature were real-time monitored and controlled. In addi-
tion, any expansion in the pressing mechanism parts or any change in the filler state dur-
ing the brazing cycle were detectable and recorded along with the corresponded time and
temperature. All the parts including the brazing assembly were calibrated to a horizontal
position. The unloaded ultrasonic stack delivers 17-20 um (P-P) at its free end (the end of
the sonotrode) at room temperature (without attaching the active part of the base metal).
More details about the brazing equipment, the vibration behavior, and the acoustic pres-
sure were reported elsewhere [1]. Figure 3 shows a detailed schematic diagram of ultra-
sonic brazing equipment with the sample.
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(d) Adapted from [1].

Figure 3. Detailed schematic diagram of the ultrasonic brazing device shows (a) Ultrasonic stack parts; (b) and (c) The
position of the brazing assembly in the furnace and further details of the brazing assembly; (d) A temperature-time cycle
(thermal cycle) (adapted from the authors’ previous work [1] since the conditions are identical) measured at the lower
end-cup and within the filler Al-9Si-3Cu without USV. The filler temperature was measured using a K type thermocouple,
@ 0.25 mm, of a special error range (0.4%).

2.5. Cooling Curves and Solid Fraction Calculation

The remelted quantities for cooling curves recording were not re-treated by Ar. The
temperature measurements were done using thermocouples type K of 0.25 mm diameter
of a special error range (0.4%). Then, the first and the second cooling curves derivatives
were calculated (Figure 4) and the important points during solidification were accord-
ingly determined (Table 3).
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Figure 4. The cooling curves of the filler alloys: (a) F0; (b) F1; and (c) F2.
Table 3. The main solidification stages of the fillers F0, F1, and F2 in Figure 4.
Stage Temperture (°C)
FO F1 F2
L Tay = 575 577 577
iqg = a(Al)
Lo T Tyin = 569 572 571
(Non-equilibrium liquidus temperature at Ty )
T, = 574 578 575
Tye = 562 552 540
2 L — a(AD +Si Tuine =560 550 538
Tg.e = 561 556 545

Formation of complex intermetallic/eutectics
Starting by Al-Cu-(Ni) intermetallic followed by
Al,Cu at alower temperature, ending by Al-Cu-Mg-
Si complex intermetallic for FO
4 Non-equilibrium solidus temperature T =476 495 491

T2 = 498 516 510

In the formation of Al-Si eutectic, the nucleation temperature Ty, the minimum
temperature Ty, e, and the growth temperature Tg, decreased by the addition of Sr and
further decreased by the addition of Ni. In all filler alloys, the undercooling Ty — Tyine
temperature and time did not change. However, the nucleation temperatures were lower
than the growth temperatures in the modified filler alloys F1 and F2 by Sr addition. Both
the recalescence temperature Tge — Tyine and recalescence time increased from1 — 6 —
7 °C and from 9 - 33 — 35 s for FO, F1, and F2, respectively. The clear change in
recalescence characteristics between FO and the modified fillers alloys F1 and F2 shows
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that Sr addition affected the growth stage of Si and its morphology which was changed to
the fibrous one [26-29].

The solidification of Al-Si-Cu alloys (without any other additions) starts with the Al
dendrite crystallization Liq — a(Al), followed by the eutectic reaction Liq — Al + Si, and
ended by second, ternary eutectic reaction Liq — a(Al) + Al,Cu + Si. These main
reactions can be recognized by the three summits on the first derivative curve of the
cooling curve. When other typical element additions (of relativity a small amount) exist
in Al-Si-Cu alloys, the general shape of the curves (the cooling curve and its first and
second derivatives) will show further variations and shifting, without essential change in
the general shape especially the first and the second peaks. Adding Ni might result in
shifting of Al,Cu to the end of reaction favoring the formation of Al,Cu,Ni by the
presence of sufficient Cu. When adding Mg, the solidus temperature would be lower than
in the original alloy since Mg forms complex intermetallic of Al-Cu-Mg-5i as the last stage
of solidification [30,31].

Since the iron has low solubility in solid a(Al), it tends to combine with other
elements to form intermetallic phase particles of different types. Whenever there is
sufficient manganese, the phases a — AlgFe,Si (script-like), f — AlsFeSi (platelets
morphology) that form in Al alloys with the presence of Si and Fe change to
Alis(Fe,Mn)3Si, [32]. The Al;5(Fe,Mn);Si, intermetallic phase with script-like
morphology was observed in the Al-9Si alloys with an addition of 0.5 wt.% Mn [33]. In
unmodified, non-grain refined hypoeutectic Al-(5,10)Si-1Cu-0.5Mg alloys, it was found
that § — AlsFeSi solidified prior or after or as the initial component of the ternary eutectic
with aluminum and silicon according to iron and silicon content of the alloy [34]. The
presence of the f — AlsFeSi phase negatively affects the tensile strength and elongation
since it much more easily prone to fracture under tensile load than the aluminum matrix
or the modified silicon particles, while Al 5(Fe, Mn);Si, phase has a less detrimental
effects on the mechanical properties [35].

In the semisolid processes, reliable information concerning the solid fraction is
necessary to characterize the solidification process in casting [36-38] or the semisolid
brazing process [39—41]. The Newtonian method [42—45] was used for calculating the solid
fraction using a single thermocouple. The Newtonian model assumes that the temperature
gradients are negligible inside of the system, in addition, the heat conduction inside the
mass is much faster than the heat lost from its surface by convection (lumped system). The
temperature-dependent variable that stays in the heat balance equation is the overall heat
transfer coefficient.

During the solidification of a casted metal within a mold, the metal is losing heat and
its temperature is decreasing by d7T. during a time dt, the heat lost by metalis (VpC, %

where V, p, and C, are the volume of the casted metal, its density, and specific heat,
respectively. While the mold temperature is increased to T, comparing with the ambient
temperature T, or its initial temperature. The heat transferred to the mold is (UA(T — Ty))
where U is the heat transfer coefficient and A is the surface area. The heat balance equation
for the (casted metal-mold) can be written as [42—45]:

C;—(f —VpC, % = UA(T, — Ty) (1)
where: Z—f is the heat generated by the phase transformation, Q is the latent heat of
solidification.

By re-arranging the Equation (1) where Vp = m the metal mass:
e _ 1 d—Q—UA(T—TO)] @)
dt  mGC,ldt
i 22 Mo JAC T )

p
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Cooling rate (°C/s)

where the curve corresponding to Equation (2) is representing the cooling curve
derivative and to Equation (3) is representing the Newtonian zero curve or the baseline.
The total latent heat can be calculated by subtracting Equation (3) from Equation (2) and
integrating the temperatures changes along with the solidification range from t; at
T, (Ty) to ts at Tg (Figure 4):

ts
Q ch dTBase
= — = _— 4
L M C”f[dt dt ldt @
tL

The Newtonian zero curve was calculated by following the procedures in Figures 5
and 6, then the solid fraction at each point during solidification (Figure 7) was found by
finding the cumulative area between the cooling curve derivative and the zero curve from
t, to the required point, then dividing it on the total mentioned area from t; to t.
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Figure 5. The first derivative vs. temperature of the cooling curve and the fitted polynomial of the zero curve between the
solidus and liquidus for each filler alloy: (a) FO; (b) F1; and (c) F2. The resulting regression equation was used to calculate
the baseline (zero curve) [43], at all temperature points in Figure 6.
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2.6. Brazing Methods and Conditions

In this work, brazing was tested according to two main cycles, FO filler alloy was
tested according to the first brazing cycle, while F1 and F2 filler alloys were tested
according to the second one. The first cycle (Brazing cycle A, Figure 8a) included the
application of USV at semisolid states starting with a high solid fraction (at 550 °C) and
ending at the liquid state (at 580 °C) to examine the effectiveness of USV on the joint
properties at different solid fractions. To re-establish the soundness of the joint after
disturbing the filler at a semisolid state and improve joint filling, a compression second
load (Table 4) was applied directly after USV. In addition, the same load value was
applied after a small temperature interval after brazing at the liquid state for the sake of
comparison.
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Figure 8. (a) Brazing cycle A, where the load was applied directly after USV (except for FO-3, Table 4). The diagram shows
a sketch for the observed load changes due to the expansion of the ceramic pivots including the titanium end cups (Figure
3), after application of the primary load, the load was not removed until it starts to decrease after passing the solidus
temperature of the filler to prevent any displacement of the filler before reaching the USV application point, more details
about this point can be found in [1]. The furnace was turned off after holding 3 min and just before USV activation. Once
the USV was stopped, a second load was applied; (b) Brazing cycle B where the second load was applied at a specific
semisolid point lower and relatively far from the USV application point. Similar to Brazing cycle A in (a), no heating was
applied from the furnace during USV. During the heating phase and before USV the holding times started -5 °C to the
required temperature. Before the main holding time (holding time 4) in Brazing cycle B, another short holding time was
imposed for 2 min (Holding time 3), the purpose was to stabilize the temperature and reach the required solid fraction
before load application. At point “A” in (b), once the load is applied, it shows a slight and sharp decrease before it starts
to increase slowly during the holding time 4.

For further optimization and to understand the role of the second load, the filler alloy
FO that brazed at (565 °C), was brazed without load and with a reduced load of 121 + 2
kg or 6 MPa pressure.

The second brazing cycle (Brazing cycle B, Figure 8b) was the optimized one based
on the observations collected from the first brazing cycle and to correspond to
circumstances mentioned in the introduction. The mechanical strength was evaluated for
the second brazing cycle at different brazing parameters. In this last batch of trials, the
lab-made filler alloys F1 and F2 were used and the applied pressure by the second load
was varied from 8 to 16 MPa. Table 4 summarizes the parameters used in the brazing
cycles A and B.
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Table 4. Brazing trials parameters.

Condition usv
Brazing Cycle C(?de Initial Heating. to, usv Period, Pressure, MPa, (Second Load, kg) /
-~ (Starting by Load, kg C/Holding, Temp., sec Temp.,°C
Filler Type ’ min °C (Furnace (Furnace Off)
F0, F1, or F2) Off)

FO-1 20 550/3 550 10 12, (323 + 4) ~549*

F0-2 20 565/3 565 10 12, (323 £ 4)/~564 *
A F0-3 20 580/3 580 10 12, (323 £ 4)/~569 *

FO0-4 20 565/3 565 10 6**, (121 £ 2)/~564 *

F0-5 20 565/3 565 10 -

Uusv .
Period, Pressure, MPa, Holding;nder
sec (Second Load, kg) ::iln’
:,T:VI:;Z; /Solid Fraction 4} ding Time No.
***) 4)

F1-1 20 580/3 580 10 8**, (162+2)/0.7 6

F1-2 20 580/3 580 10 8, (162+2)/0.7 12
B F2-1 20 580/3 580 10 8, (162+2)/0.7 6

F2-2 20 580/3 580 10 8, (162+2)/0.7 12

F1-3 20 580/3 580 10 16 **, (323 + 4)/0.7 12

F2-3 20 580/3 580 10 16, (323 + 4)/0.7 12

F2-4 20 580/3 580 10 0/0.7 12

*Measured filler temperatures, taking into consideration the rise in the filler temperature after USV, practically, the second
load was applied directly after USV except for FO-3. ** The filler slices dimensions are 9 mm X 22 mm for F0-4 and F0-5,
and for all the conditions in brazing cycle B, while 12 mm X 22 mm were used for the other conditions in brazing cycle
A. ** No heat was provided from the furnace until the next holding time at the required semisolid state. **** The actual
temperatures for F1 and F2 at 0.7 solid fraction can be found from Figure 7.

3. Results and Discussion

3.1. Results by Using Brazing Cycle A

At a high solid fraction (0.73-0.75) under FO-1 brazing condition, the followed
brazing cycle (FO-1) was capable of affecting the eutectic silicon and the intermetallic
compounds favoring the formation of the round morphology, but USV was not capable
of refining the primary grains of Al (Figure 9a). Increasing temperature/reducing solid
fraction enhanced the effect of USV. At higher brazing temperature (565 °C), USV was
capable of refining the grains of Al (Figure 9b).

(a)

(b)

Figure 9. Brazed joints using FO filler alloy, brazing cycle A: (a) At 550 °C—brazing conditions (F0-1); (b) At 565 °C—

brazing conditions (F0-2).
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Although the primary Al grains were not affected by the USV at a high solid fraction
ratio, the silicon was largely affected. The relatively round edges of the silicon and
intermetallic compounds implies that partial melting may have happened around the
affected phases in the aluminum matrix. Increasing the process temperature by 15 °C
decreases the solid fraction largely from (0.73) at 550 °C to (0.18) at 565 °C which made the
refining of Al grains possible. However, the applied load followed USV was large enough
to affect the distribution of the intermetallic, i.e., increase the agglomeration of silicon and
the intermetallic.

Brazing at a semisolid state reduces largely the intermetallic formation at the
interface. The intermetallic at the middle of the interfaces was irregular and discontinue
where the largest thickness did not exceed ~1 um, nevertheless, increasing temperature
to 565 °C increased the liquid portion and increased the interfacial interaction introduced
by cavitation (Figure 10). In addition, ultrasonic-assisted brazing at a semisolid state was
an effective method for avoiding the harmful microstructures and achieving better
morphology of Si under the current brazing conditions compared with the brazing at
liquid state which followed in [1]. Generally, compared with the original microstructures
(Figure 2), more round intermetallic compounds and silicon particles were produced at
brazing conditions FO-1 and F0-2, adding to that the round morphology of the aluminum
grains in FO-2 (Figure 9). Tables 5-8 show the EDS analyses results and the estimated
phases for the corresponding points in Figure 10.

x2.000  10pm

(b)

|

Z7
x2.000 1 DAY Sem—
(o) (d)
Figure 10. SEM images (a,b) FO-1 brazed joints at 550 °C; (c,d) FO-2 brazed joints at 565 °C.
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Table 5. EDS points analyses (at. %) for Figure 10a.

Ti Si Al Fe O Cu Mn Cr Estimated Phase (s)
Z1 95 158 60.8 134 0.5 a — Aly5(Mn, Fe);Si,
Z2 119 709 107 1.2 43 1.0 a — Aly5(Mn, Fe, Cu, Cr)3Si,
;Z Zi)g 2; 72 Silicon particles + a(Al)
Z5 172 706 114 0.8 a — Alys(Mn, Fe)3Si,
76 2.4 86.1 35 79 a(Al) + (Al — Cu intermetallic)

Table 6. EDS points analyses (at. %) for Figure 10b.

Ti Si Al Fe Mg Cu Mn Ni Cr Estimated Phase (s)

Z1 0.8 182 678 126 0.5 a — Aljs(Mn, Fe)3Si,,
72 183 675 129 06 07  a—Al(Mn,Fe)sSi,,
;i ggé 114. é6 Silicon particles + a(Al)
75 03 184 683 125 0.4 @ — Alys(Mn, Fe)sSi,,
Z6 426 495 2.2 5.0 0.7

Z7 192 321 458 20 09 Al-Ti intermetallic

Table 7. EDS points analyses (at. %) for Figure 10c.

Ti Si Al Fe Cu Mn Cr Estimated Phase (s)
zZ1 03 111 695 119 14 45 13 a — Alys(Mn, Fe, Cu, Cr);Si,
Z2 04 181 665 143 0.7 a — Alys(Mn, Fe)3Si,
7Z3 32.0 41.0 26.3 0.0 0.7 Al-Ti intermetallic
z4 19 177 657 142 0.6 a — Alys(Mn, Fe),Si,
Z5 97.7 2.3

76 98.2 18 Silicon particles

77 0.4 7.8 82.1 4.1 3.9 1.6

Table 8. EDS points analyses (at. %) for Figure 10d.

Ti Si Al A% Fe Cu Mn Cr Estimated Phase (s)
Zo0s 105 75 116 1a ae op  ©AusOnFecucnssi
Z3 422 310 252 1.6 Al-Ti intermetallic
74 814 186 Silicon particle + a(Al)
Z5 08 160 709 11.7 0.6 a — Alys(Mn, Fe,)Si,
zZ6 72 171 679 40 3.7 0.0

Although the samples were subjected to careful preparation for microscope
observation and EDS analysis, it is possible to have some defects in the brittle phases such
as breakage or detaching. Nevertheless, it can be noticed that the joints brazed at a higher
solid fraction have higher number of defects especially voids around several silicon
particles compared with the joints brazed at higher temperature (Figure 10). Due to the
short application of USV on a semisolid filler added to that the short total holding time at
brazing temperature, the chemical composition of the intermetallic at the interface could
be reflecting some transit states rather than stable ones.

In the previous work [1], the brazing using Al-9Si-3Cu or FO filler alloy was done
without load, for the sake of comparison, the load was applied after the USV treatment at
filler temperature less by 10-11 °C than the temperature at which USV was applied
according to brazing condition (F0-3). Although the second load application in F0-3 and
F0-2 was at close solid fractions, it resulted in formation of inhomogeneously distributed
and large intermetallic compounds or colonies in F0-3 joints (Figure 11).
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Figure 11. (a) Light microscope and (b) SEM images of F0-3 brazed joints at 580 °C followed by 12 MPa pressure. The gray
bulky intermetallicis a — Al;5(Mn, Fe, Cu, Cr)3Si,, (the scale is 100 pm in (a)).

The formation of the intermetallic at the interface in F0-3 was of a higher rate
compared with the samples brazed at lower temperatures, but within acceptable thickness
that could be optimized later. Usually, brazing is done at 15 to 20 °C higher than the
solidus temperature of the filler alloy, however, using USV at a temperature close to the
solidus temperature for 10 s was enough to initiate a minimum thickness of the
intermetallic at the interface. The application of load in this case should be separated from
the USV application point, otherwise, will result in unhomogenized microstructures as it
is clear in Figure 11.

After the application of USV on the molten filler, it starts to solidify with a large
number of nucleation sites activated at the joint interfaces and within the filler, adding to
that the small thickness of the filler compared with the surrounded base metal. Therefore,
the behavior of the filler during the cooling could be shifted compared with the bulk,
however, the recorded cooling curves for the bulk form of the filler can still be used as a
reference for comparison.

Application of the load after USV should take into consideration the state of the
materials and their microstructures. Directly, after the limited application of USV, and
due to the heat and the strong disruption inputs, the sample is easy to deform, therefore
the load value should be limited or the load application should be delayed.

Brazing at 565 °C, (F0-2), could be optimized for better microstructures distribution.
Further trials at brazing temperature of 565 °C were conducted with reduced load value
(121 + 2 kg or 6 MPa as a pressure in F0-4) and without load (F0-5). At this value of 6 MPa,
although voids of relatively small size could be noticed in some examined locations, the
distribution of the intermetallic was better across the joint (Figure 12a) compared with 12
MPa pressure (FO-2 in Figure 9b). While brazing without load at the same conditions
produced a joint with relatively large voids (Figure 12b), which reflects the importance of
optimizing the load value at specific semisolid state after USV.
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Figure 12. Brazed joints at 565 °C with (a) Reduced load (F0-4); (b) Without load (F0-5).

Employing USV at a high solid fraction enhanced the microstructures. By further
optimization of the brazing conditions, joints with high quality can be produced. Despite
the fact that the increase in the thickness of the intermetallic at the interface was frequently
reported as a cause of increasing the interface defects and reducing the joint strength, an
optimized interaction at the interface is necessary to establish the joint. Carrying out the
current brazing process at low temperature/high solid fraction could require considerable
time to achieve the necessary interaction at the interface. A limited interaction at the
interface in a relatively short time is preferable and could be a start point for further
optimization until reaching the optimal value. An acceptable reaction at the joint
interfaces can be achieved by initial load (during heating phase) and USV application at a
temperature close to the liquidus temperature. On the other side, since the application of
a second load near to the liquidus temperature did not affect positively the joint
characteristics, therefore, the application of load should be evaluated at a higher solid
fraction. Based on these notes and observations and besides the before mentioned design
considerations in the introduction, brazing cycle B was developed and tested using lab-
made filler alloys.

3.2. Results by Using Brazing Cycle B

In Brazing cycle B (Figure 8b and Table 4), the new lab-made alloys F1 and F2 were
used, those alloys were made with the modification of silicon by Sr addition. This
modification was made for improving the morphology of Si reported by the results of the
previous work [1]. When USV was applied close to the liquidus temperature, even though
it helped in reducing the size and number of the primary silicon particles, the eutectic
silicon was affected by the thermal cycle and did not show an improved morphology.
Adding a Si modifier was a proposed solution in this work (Figure 13). The brazing cycle
resulted, anyway, in coarser modified eutectic silicon, but it still gives much better
morphology compared with the unmodified fillers, which should logically improve the
load-carrying capability of the brazed joints. On the other side, the microstructures after
ultrasonic assisted brazing showed refined a — Al grains, which can be better maintained
by decreasing the holding temperature.
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50 ym

(b)

Figure 13. Brazed joints according to the brazing cycle B under high second-load (323 + 4 kg or 16 MPa as a pressure) using the filler
alloys F1 and F2 with Sr addition (around the joint center) according to the conditions: (a) F2-3; (b) F1-3.

The detailed microstructures under the highest brazing conditions (time and load) in
F2-3 and F1-3 are presented in Figures 14 and 15. As initial observations, the joints brazed
using 16 MPa pressure showed some defects at the joint interfaces between the filler and
the intermetallic layer. On the other side, the formation of the intermetallic at the
interfaces near the joint edges was intermittent (Figures 14a and 15a). Besides, the joint
microstructures showed more contact areas between a — Al grains, where an increased
displacement of the phases of the low melting points occurred letting more contact areas
between a — Al grains (Figure 15a). Tables 9 and 10 show the EDS analyses results and
the estimated phases for the corresponding points in Figures 14a and 15b,d.

x1.400 10pm x1.400 0L —
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Figure 14. SEM images (SEI) of F1-3 brazed joint under the load of 323 + 4 kg or 16 MPa as a pressure: (a) Near the joint
edge; (b) Close to the middle of the joint; (c) The interface at the other side (the passive side).

Y

x1.400  10um x1.400  10pm  —

x1.400 10pm  — 2um e

(c) (d)

Figure 15. SEM images (SEI) of F2-3 brazed joints under the load of 16 MPa: (a) Near the joint edge; (b) Close to the middle
of the joint; (c) The interface at the other side (at the passive side); (d) Higher magnification of the interface (at the passive
side) (BEC image). The red arrows in (c) and (d) show some defects at the interface at the filler side.
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Table 9. EDS points analyses (at. %) of F1-3 brazed joint presented in Figure 14a.

Al Si Ti Fe Mn Cr Cu Ni O Mg V Estimated Phase (s)

Z1 123 51.0 35.0 1.8 Ti,AlsSiy,

Z2 707 10.6 13.3 19 35 a — Aly5(Mn, Fe, Cu)3Si,
Z3 747 3.1 22.3 Al Cut + a(AD
74  69.7 30.3 Al,Cu

Z5 65.8 185 15.7 Al,Cu + Si

Z6 20.7 793 Si particle + + a(Al)

Table 10. EDS points analyses (at. %) of F2-3 brazed joint presented in Figure 15b,d.

Al Si Ti Fe Mn Cr Cu Ni Mg V Estimated Phase (s)

Z1-b 113 51.8 35.6 14 Ti;Al:Si,

Z2-b 695 52 4.6 6.5 14.2 Aly(FeNi),
Z3-b 61 223 21.2 Al-Cu-Ni intermetallic
Z4-b 81 1.8 3.7 13.4 Aly(FeNi),
Z1-d 13.0 53.6 30.0 34 Ti;AlsSi,

Z2-d 112 56.8 32.0 Ti AlsSiy,

Z3-d 724 169 10.7 Al-Ti intermetallic
Z4-d 555 253 11.0 8.1

3.3. The Effect of the Second Load and Filler Composition on the Mechanical Properties

Brazing was done according to the brazing cycle B (Figure 8b and Table 4). The results
of the tested conditions are presented in Figure 16. The results showed that the brazed
joints using F1 filler alloy exhibited higher strength compared with the joints brazed using
F2 filler. The highest obtained joints were for the condition F1-2.
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80 77
71
70 7 ,
60 / T
/ 54
50 q
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T
F2-4
12min/OMPa

T T T T T T
F2.2 Fo3 F1-1 F2-1 F1-2 F2-2

12min/8MPa 12min/16MPa 6min/8MPa 6min/8MPa 12min/8MPa 12min/8MPa
Brazing Group Conditions Brazing Group Conditions
(a) (b)

Figure 16. Shear strength of brazed joints: (a) F2 using brazing cycle B under different load values; (b) F1 and F2 using
brazing cycle B under different holding times.

Generally, brazed joints showed higher strength when the holding time was
increased to 12 min, compared with 6 min under the same pressure of 8 MPa. Brazed joints
using F2 filler under the pressure of 8 MPa showed higher strength in comparison with
both cases: the joints brazed with a higher pressure of 16 MPa or without application of
pressure (Figure 16a).

Developing a strong Ti-Al interface by developing a thin and strong interaction layer
supported by a thin and stiff filler material are the main design considerations for
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achieving high joint strength. In the overlapped joint, the stresses are not equally
distributed over the bonding area. The edges of the joint are under the highest stress in
comparison with the rest of the joint [46—48], the concentration of the stress would be
similar to the numerical model of a brazed joint under tensile loading presented in Figure
17.

Surface: von Mises stress, Gauss point evaluation

%x10°

0.8

0.6

0.4

Figure 17. Demonstration of von Mises stress distribution (Gauss-point evaluation) in Ti/F1/Ti joint
under maximum tensile load using COMSOL Multiphysics® v. 5.4. (COMSOL AB, Stockholm,
Sweden).

According to Figure 17, the stress concentrates at the edges of the joint: at parent/filler
interfaces then to the filler itself at the corners. That means a weak bonding at the interface
or a defect in the filler at the edges would be the default starting point of the failure under
the loading. The order of expected failure locations, at the edge ni-n2 for instance, is the
interface on the right, then the filler, then the opposite interface. In the studied brazed
joints, the weak bonding at the interface could result from a relatively thick intermetallic
layer or insufficient interaction between the filler and the base metal or due to any defects
or oxides at the joint edges.

As the overlap increases, the distribution of the von Mises stress becomes less
uniform. It was reported that the lap joints under the shear strength failed when von Mises
stress exceeded a certain critical value over 5% of the joint length starts at the edge [49].
That length was defined as a 10% damaged zone criteria (5% from each side).

Examining the fracture surface of the joints (Figure 18) revealed that the fracture
propagation in the joints started from the interface to the filler itself. In the joints of the
highest strength, the fracture propagation through the filler was dominant. This
observation suggests that a relationship exists between the failure location at the edges
and the obtained strength value. Adding to that, in the joints brazed without compression
load at semisolid state, the propagation of the fracture was not consistent through the filler
(Figure 18d), similar observation was found in F2-3 but it was less intense and not for all
the samples. In addition to the interaction behavior at the joint interfaces at specific solid
fraction and filler material, F2 compared with F1 has a higher percent of intermetallic
compounds, therefore, during the tensile test, the crack is easier to propagate in F2 than
F1. Increasing the second load to 323 + 4 kg (or 16 MPa as a pressure) did not result in
better interaction at the interface at the edges, on the contrary, the interfaces have more
defects, and in the filler more displacement of the phases of lower melting points took
place. As a result, the interaction at the interfaces seems to be interrupted (Figure 15).
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Therefore, the mentioned causes increase the probability of crack propagation at the
interfacial through the filler/intermetallic layer or at the parent metal side depending on
the interface interaction level and the existed defects (Figures 15 and 18c).

Figure 18. Fracture surfaces after tensile tests of brazed joints from: (a) F1-2 (12 min/8 MPa); (b) F2-2 (12 min/8 MPa); (c)
F2-3 (12 min/16 MPa); (d) F2-4 (12 min/No load).

The application of the second compression pressure 8 MPa at a high solid fraction
caused the following: Increasing the internal contact in the filler between the grains by
disconnecting the intermetallic formation around them without causing significant
accumulation of the intermetallic; forcing and maintaining the good contact between the
filler and the base metal which caused oxide layer breakage and enhanced the diffusion
at the interface (Figure 19a,b).

The joints brazed according to the condition (F2-4), where the brazing was done
without a second load, showed one of the lowest joint strengths. By examining the
interfaces at the edges, it is clear that the interfacial interaction at the joint’s edges was
limited (Figure 19¢,d), unlike the joints of higher strength using the same filler but with 8
MPa pressure (F2-2).
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Figure 19. The interfaces of brazed joints using: (a,b) F2 filler, 8 MPa, 12 min (F2-2); (c,d) F2-No-pressure-12 min (F2-4).
The images of the joints’ cross-sections were taken from similar joints” edges (from the active part of parent metal), starting
from 1 mm distance from the edge toward the middle of the joint. Between 1 and 2 mm, the interface of the joint (F2-2)
showed a continuous intermetallic layer (~2.3 pm) which separated the other internal intermetallic and phases from the
titanium interface. While the other joint (F2-4) showed almost no interaction yet at a similar distance from the edge. It is
worth mentioning that figures were taken along the middle cross-section (the cross-section A-A explained in [1]),
therefore, the intermetallic growth will not be the same at other cross-sections, taking into account Figure 18.

After initial load application followed by USV treatment, the examined joints were
free from observable oxides layer [1]. However, even when the interface did not show at
a microscale a clear oxide layer or the intermetallic interaction was not observed at the
joint edges, that does not mean necessarily there is no elements segregation or/and oxide
layer at the examined joint interfaces. According to Zhang et al.’s study [50] Si, Mg and O
were distributed inversely at the interface where Si content reached ~4 at% in 20 nm layer
width after a very short time of ultrasonic welding of AA6111-TiAl6V4 (~520 °C peak
temperature). It was assumed that the residual oxides and Si are acting as a barrier that
retards the growth of the intermetallic Al;Ti at the interface. In titanium brazing with Al-
Si filler alloys, It was assumed the solution of Si in Al;Ti suppressed the growth rate of
Al;Ti itself [51]. The affinity between Si and Ti atoms is stronger than the one between Al
and Si. The driving force of Si segregation to the interface can be explained by the
tendency of lowering the free energy of the system. In the joint assembly, Ti is already in
contact with the filler that contains Si, therefore Si will segregate to the interface of Ti/Al
since the chemical mixing enthalpy of Ti-Si (66 kJ/mol) is the lowest among the chemical
mixing enthalpies of the other elements pairs in the filler itself [50]. Imposing the second
load during the holding time at 0.7 solid fraction, increased the metal-metal contact
through the remained oxide layer and therefore enhanced the diffusion, Figures 20-23
show the interface composition and the Si segregation to the interface after applying load
at holding time at semisolid state, the analyses were taken at the same locations in the two
joints.
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Figure 20. EDS map of brazed joint interface from the condition F2-2 at the distance of 1-2 mm from the edge of the active
part (Figure 19b). At this distance, the formation of the intermetallic begins to be continuous at the interface, where Si

diffused and concentrated at the joint interface.
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Figure 21. EDS line position and analysis of the interface in Figure 20.
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Figure 22. EDS map of brazed joint interface from the condition F2-4 without second load, 12 min) at the distance of 1-2
mm from the edge of the active part (Figure 19d). At this distance, the formation of the intermetallic was minimum and
discontinued, no continuous Si diffusion was observed at the interface except in limited points.
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Figure 23. EDS line position and analysis of the interface in Figure 22.

Once the intermetallic growth is optimal for providing the highest possible strength,
then the joint strength would depend on the properties of the filler material as a confined
layer between two sides of the parent metal(s) rather than the strength of the related bulk
where the filler was taken from originally.

4. Conclusions

Ultrasonic vibration is capable of affecting the intermetallic and silicon phases at a
high solid fraction favoring the formation of the round morphology. When applying
ultrasonic at semisolid, the limited cavitation and the direct mechanical interaction were
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able to break, gather and reform the silicon and the intermetallic compounds. At a low
portion of the solid phase, ultrasonic vibration is also capable of producing joints with
round grains of a — Al. The filler state is easy to displace directly after USV treatment at
a low solid fraction, therefore the applied second load at this point should be minimum
and sufficient to remove any voids, otherwise aggregation of intermetallic and silicon
would increase.

To achieve high joint strength, the fracture should be moved from the interface to the
filler itself, optimizing the developed interaction at the interface backed by a strong and
defect-free filler are essential to achieve that. It was shown practically that to achieve
higher joint strength, the joint must have strong and defect-free interfaces at its edges.

The results showed that the brazed joints using Al-9Si-4Cu-(Sr) filler alloy exhibited
higher strength compared with the joints brazed with Al-8Si-4Cu-2Ni-(Sr) filler. The
highest obtained joints were brazed under the condition F1-2 (8§ MPa-12 min using Al-9Si-
4Cu-(5Sr)) where the average highest shear strength reached 93 MPa.

Application of a moderate second load on USV brazed joints at semisolid state
improved the quality and the strength of the joints according to the optimized brazing
cycle (B). Choosing the application point of the load and its value is essential in achieving
high quality and high strength brazed joints. In the brazing cycle B, adding Sr to the filler
alloys improved the silicon morphology while the ultrasonic treatment at the liquid state
produced finer Al grains. The ultrasonic treatment was followed with a holding time at a
high solid fraction which preserved the refined grains state, enhanced the integration
between the joint components, and enhanced the diffusion at the interface. The
intermetallic formation at the interface was limited and controlled according to brazing
cycle B with the designed filler alloys.
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