
Introduction

Interstitial-free (IF) steel has been re-
garded as an important class of new-gener-
ation steel where the content of interstitial
solute (carbon and nitrogen) is brought
down below 50 ppm in order to avoid dis-
continuous yielding and strain aging (which
increases strength at the expense of ductil-
ity). This steel, therefore, possesses excel-
lent formability and finds an extensive
application in thin-sheet galvannealed (zinc-
coated)  form in automotive industries for
making car bodies (Ref. 1). In general, the
joining of zinc-coated thin steel sheets by
conventional arc welding processes, such as
gas metal arc welding (GMAW), gas tung-
sten arc welding (GTAW), and others, en-

counters several difficulties. The main diffi-
culty of arc welding arises due to high arc
energy that causes vaporization of the zinc
coating. This occurs not only at the joint re-
gion but also at a relatively large area
around the joint (Refs. 2, 3). Other issues
with arc welding include a wider heat-af-
fected zone (HAZ), generation of spatter,
risk of melt through, potential contamina-
tion, and relatively large residual stress gen-
eration and associated distortion (Refs. 3,
4). On the other hand, in automotive indus-
tries, the bare steel sheets are efficiently
joined by resistance spot welding using a
copper electrode. However, for zinc-coated
steel sheets, copper electrodes deteriorate
quickly through alloying with Zn (Refs.
5–9). This requires frequent replacement of
electrodes in resistance spot welding for

joining zinc-coated steel sheets. In recent
years, in order to overcome such problems a
novel combination of GMAW and brazing
processes (called GMA brazing) has been
proposed where the consumable electrode
(usually a copper-based alloy) itself acts as
the filler metal that melts and fills the joint
clearance between thin steel sheets through
capillary action (following the principle of
brazing), while the steel sheets remain at
solid state since the process is carried out at
much lower heat input (Refs. 2, 3). In the
process, the zinc coating only vaporizes lo-
cally at the joint region. While the joint re-
gion is being filled by the copper-based
braze alloy, the corrosion resistance and
aesthetic appearance are maintained. Melt-
through risk, generation of spatter, residual
stress, and distortion are reduced due to
lower heat input requirements, which also
account for energy savings. The main chal-
lenge of this process is to achieve adequate
joint strength (100% joint efficiency) with
the use of a copper-based (nonferrous) filler
metal. While joining DP 600 and TRIP 700
steel sheets by GMA brazing process with
copper-based filler metals containing Al-Ni
and Mn-Al, Chovet and Guiheux (Ref. 3)
reported difficulty in obtaining 100% joint
efficiency. Moreover, only a few research
works have been carried out with regard to
the application of this novel process on zinc-
coated common steel sheets, which mainly
deal with mechanical parameters (Refs.
2–4). The influence of shielding gases and
process parameters on metal transfer and
bead shape in GMA brazed joints of zinc-
coated steel plates has been investigated by
Iordachescu et al. (Ref. 4). The short-circuit
mode of metal transfer with argon-based
gas mixture containing H2 and He was re-
ported to provide acceptable bead shape
and adequate arc stability. However, the in-
depth microstructural study with regard to
the joining process (phase evolution, ther-
modynamic stability of phases, etc.) is still
pending. Moreover, the application of
GMA brazing particularly on IF steel in
order to achieve 100% joint efficiency is not
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ABSTRACT

The gas metal arc (GMA) brazing process (a novel approach that combines GMA
welding and brazing) was applied for joining a new-generation automotive steel (in-
terstitial-free steel) using silicon-containing copper-based filler metal. During this join-
ing process, an interface region of very high hardness was developed through the
diffusion of the silicon present in the molten braze metal into the solid steel. The in-
terface microstructure consisted of silicon-enriched, iron-based intermediate phase
α1 for lower heat input and dispersed submicroscopic Fe5Si3 particles in α1 matrix

for higher heat input. The calculated diffusion distance of silicon was in excellent
agreement with the measured interface width, which envisaged the diffusion of silicon
in iron matrix as the controlling factor for evolution of the interface region. The ther-
modynamic calculations exhibited the lowest Gibbs free-energy change for Fe5Si3 as
compared to other compounds of Fe and Si to justify the stability of Fe5Si3 in the mi-
crostructure. Accordingly, during tensile shear tests, the failure occurred in the base
metal region, i.e., not at the harder and stronger joint interface. These results sug-
gested a successful joining with 100% joint efficiency.
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readily available as a research report. 
In the present research work, the GMA

brazing process is applied for joining gal-
vannealed IF steel sheets using silicon- con-
taining copper-based braze alloy to achieve
100% joint efficiency. The detailed process
mechanism in view of atomic diffusion and
thermodynamic phase stability is analyzed
in correlation with phase evolution typically
characterized by optical metallography,
field emission scanning electron microscopy
(FESEM), FESEM-based energy dispersive
X-ray spectroscopy (EDS), high resolution
transmission electron microscopy (TEM),
and TEM-based selected area electron dif-
fraction. 

Experimental Procedure

The material for the present investiga-
tion is zinc-coated (galvannealed) sheets

of interstitial-free
steel (Grade:
HIF-GA) of 1
mm thickness.
The chemical
composition of
this steel is shown
in Table 1. The
as-received steel
sheets were degreased with acetone and
suitably clamped together to form a lap
joint. Thereafter, GMA brazing of the lap
joint was performed using a pulsed-syner-
gic machine of 270-A capacity (Trans Pulse
Synergic 2700 4R/E, Fronius, Austria) with
copper-based filler metal (consumable
electrode) containing 3.7 wt-% silicon. A
schematic experimental setup is shown in
Fig. 1. The GMA brazing was carried out
at two different heat inputs (considering
70% machine efficiency) with varying cur-

rent and welding speed as given in Table 2.
The torch was traversed automatically
along the edge of the upper sheet. The lap
joint with a forehand travel angle of about
70 deg and a working angle of 20 deg was
maintained. Pure argon was used as the
shielding gas at a flow rate of 12 L min−1.
During GMA brazing, the temperature
profile of the joint region near the inter-
face for the two different heat inputs
(specimens P1 and P2) was measured with
an R-type (platinum-rhodium) thermo-
couple of 1.5 mm diameter using a digital
temperature recorder (MV1000, Yoko-
gawa, Japan).

After GMA brazing, the small samples
were cut from the joint region along the
transverse section of the welded sheet for
metallographic evaluation. These speci-
mens were polished with successive grades
of emery papers up to 1000-grit size fol-
lowed by cloth polishing with 1-μm diamond
paste and thereafter etched with a 2% Nital
solution. The metallographic specimens
were examined under optical microscope
(Zeiss, Imager A1m, Germany), and a
FESEM (Zeiss, SUPRA25, Germany)
equipped with EDS detector (INCA Penta
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Fig. 1 — Schematic diagram of the GMA brazing process. A — Experimen-
tal setup; B — GMA brazing procedure with forehand travel angle; C — with
working angle.

A

B C

Fig. 2— Schematic diagram of tensile test specimen.

Fig. 4 — Optical microstructure of the unaffected base metal.

Fig. 3 — Typical macrophotograph of the IF steel sheets joined by GMA braz-
ing process (higher heat input).

Table 1 — Chemical Composition of the IF Steel Sheet (wt-%)

C Si Mn P Ti Fe

0.0024 0.094 0.470 0.027 0.035 balance

Table 2 — GMA Brazing Parameters

Specimen Mean Mean Wire Feed Welding Heat
Code Current Voltage Speed Speed Input

(A) (V) (mm s–1) (mm s–1) (J mm–1)

P1 44 16.6 60.00 8.33 61.38
P2 60 18.0 81.67 6.67 113.34
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FET, Oxford, UK). Grain size of ferrite in
relevant optical images was measured in
terms of average grain diameter as per
ASTM E112 standard (Ref. 10). The area
fractions occupied by relevant phases were
measured by standard point count analysis
(Ref. 10). In order to identify the different
phases present as a whole in the joint re-
gion, specimens were subjected to X-ray dif-
fraction (XRD) analysis with slow scan rate
(1 deg min–1) in a high-resolution X-ray dif-
fractometer (X’ Pert Pro, PANalytical In-
struments, Netherlands). Subsequently, thin
foils of the specimens were studied under a
high-resolution TEM (CM-70, Philips Ltd.,
Netherlands) equipped with selected area
electron diffraction. 

Cross sections of the specimens from the
joint region were also mounted for micro-
hardness testing. Microhardness measure-
ments were taken at a load of 50 gf along a
line perpendicular to the joint interface
using a standard microhardness testing ma-
chine (AMH43, LECO, U.S.A.). Finally,
the lap joint samples were machined to pre-
pare standard tensile-shear test specimens
following DIN EN 10002-1 standard (Ref.
11). A schematic diagram of the tensile
shear test specimen is shown in Fig. 2. Ten-
sile shear tests were carried out in a 100-kN
capacity universal testing machine (Instron-
8862, UK) at a crosshead speed of 0.5 mm
min−1. The loading direction for tensile
shear test is indicated on the macrophoto-
graph of the lap joint — Fig. 3.

Results and Discussion

Microstructural Evolution at the 
Joint Region

A typical macrophotograph of the IF
steel sheets joined by GMA brazing
process is shown in Fig. 3. The region of
the joint selected for metallographic study
is clearly highlighted on the figure. With
regard to the microstructural areas of in-
terest, the joint region after GMA brazing
of the IF steel have been classified as: 1)
unaffected base metal, 2) heat-affected
zone (HAZ), 3) interface region, and 4)
braze metal. The typical optical mi-
crostructure of the unaffected base metal
in etched condition is shown in Fig. 4,
which is comprised of equiaxed polygonal
ferrite grains. The measured grain size of
polygonal ferrite is 34 µm. 

The FESEM backscattered electron
images along with EDS elemental map-
ping of the joint region are presented in
Figs. 5, 6. They depict the overall view of
the different significant parts for both the
specimens (P1 with lower heat input and
P2 with higher heat input) in as-polished
(unetched) condition. Furthermore, the
EDS line scans of the joint region for P1
and P2 are shown in Fig. 7. The optical mi-
crostructures of the HAZ region of the

specimens in etched condition are pre-
sented in Fig. 8A and B. These mi-
crostructures of HAZ exhibit destroyed
polygonal ferrite grains and the presence
of acicular ferrite. The equiaxed polygonal
grain morphology is mostly destroyed due
to thermal cycle experienced by this re-
gion. The thermal cycle (temperature-time
history) of the joint region during the
GMA brazing process is shown in Fig. 9.
According to Cu-Si phase diagram (Ref.
12), the solidification range of Cu-3.7 wt-
% Si alloy (filler metal) is 940°–1010°C. 

During brazing, the joint regions of the
specimens, P1 (lower heat input) and P2
(higher heat input), were heated to the
maximum recorded temperatures of 1017°
and 1184°C, respectively — Fig. 9. These

temperatures are higher than the liquidus
temperature (1010°C) of the filler
metal/electrode and below the solidus
temperature of the IF steel (which is close
to the melting point of the pure iron,
1539°C, carbon content being very low).
Accordingly, the brazing filler metal melts
and fills the joint to form braze metal;
whereas, the IF steel sheets remain at solid
state as per the concept of GMA brazing.
However, these maximum temperatures
are relatively high and close to the solidus
temperature of the IF steel. Furthermore,
the average cooling rates calculated from
Fig. 9 in the solidification range
(940°–1010°C) for P1 and P2 are 108°C s−1

and 82°C s−1, respectively. Besides, be-
tween 910° and 723°C (expected austen-
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Fig. 5 — EDS elemental mapping of the as-polished joint region of P1. A — FESEM backscattered elec-
tron image; B — distribution of iron (Fe Kα); C — distribution of silicon (Si Kα); D — distribution of
copper (Cu Kα ).

Fig . 6 — EDS elemental mapping of the as-polished joint region of P2. A — FESEM back sscattered
electron image; B — distribution of iron (Fe Kα); C — distribution of silicon (Si Kα); D — distribution
of copper (Cu Kα ).
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ite-to-ferrite transformation regime in
HAZ), the calculated average cooling
rates for P1 and P2 are 228°C s−1 and
133°C s−1, respectively. Therefore, the re-
gion of the steel just adjacent to the joint
interface (HAZ region) is heated to a high
temperature and subsequently subjected
to nonequilibrium fast rate of cooling
(133°–228°C s−1). The fast rate of cooling
is attributed to heat transfer through adja-
cent base metal that possesses relatively
high thermal conductivity. Accordingly,
the HAZ region exhibits destroyed polyg-
onal ferrite grains and the presence of aci-
cular ferrite. A rapid cooling from high
temperature would result in displacive
transformation to generate needlelike aci-
cular ferrite involving para-equilibrium
nucleation and diffusionless growth, as
also reported elsewhere in low-carbon
steel systems (Ref. 13).

The FESEM backscattered electron
images and corresponding EDS elemental
mapping (Figs. 5, 6) and EDS line scans
(Fig. 7) indicate that the interface region
is comprised of Fe and Si in both speci-
mens (P1 and P2). The FESEM-based
EDS spot analysis carried out within the

interface region indicated that the compo-
sition range of Si was 9.96–12.47 wt-% in
an iron matrix considering both specimens
(P1 and P2). According to Fe-Si phase di-
agram (Fig. 10), at this composition range
of silicon, the α1 phase is stable at room
temperature. The α1 possesses a body-
centered cubic (BCC) crystal structure
(Ref. 12). The high-resolution bright field
TEM images along with selected area dif-
fraction pattern (SADP) of the interface
region are presented in Fig. 11A and B.
The specimen with low-heat input (P1) ex-
hibits only the presence of BCC α1 phase
at the interface — Fig. 11A. However, the
specimen with high heat input (P2) shows
the presence of fine round-shaped hexag-
onal Fe5Si3 phase dispersed in BCC α1
matrix — Fig. 11B. The presence of Fe5Si3
could only be properly revealed and iden-
tified by selected area diffraction in TEM
(about 338 nm in average diameter). 

Both specimens (P1 and P2) also con-
tain the hexagonal Fe5Si3 phase in the
form of patches in the braze metal distrib-
uted in the copper-enriched matrix. This
is identified by the FESEM backscattered
electron images and corresponding EDS

elemental mapping (Figs. 5, 6), and the
high-resolution TEM images along with
SADP analysis — Fig. 12A, B. The
FESEM-based EDS spot analysis indi-
cates that the copper-based alloy matrix
contained 2.35–3.13 wt-% Si, 0.77–0.89 wt-
% Mn, and 3.06–3.29 wt-% Fe for both
specimens (P1 and P2). According to
graphical point count analysis of the
FESEM images, the area fractions occu-
pied by Fe5Si3 in braze metal region for
low (specimen P1) and high (specimen P2)
heat inputs are 4.30% and 14.17%, re-
spectively. Also, the size of the patches of
Fe5Si3 appears to be larger for the higher
heat input braze joint. The result of X-ray
diffraction analysis (Fig. 13) of the entire
joint region for both specimens (P1 and
P2) further confirms the presence of all
the phases previously identified, viz. α-
iron matrix (in HAZ and base metal),
BCC α1 intermediate phase (at interface
region), Fe5Si3 (at braze metal for both
the heat inputs and at interface region for
higher heat input), and copper-based solid
solution (at braze metal). The peaks of
BCC iron represent the presence of α-iron
matrix and α1 intermediate phase; while
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Fig. 7 — EDS line scans at the joint region. A —  P1; B — P2.

Fig. 8 — Optical microstructures of HAZ: A — P1; B — P2.
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the peaks of copper indicate the existence
of copper-based solid solution.

The existence of silicon-enriched, iron-
based intermediate phase α1 at the interface
region, and Fe5Si3 at the braze metal and at
the interface region for higher heat input in-
dicates the diffusion of Fe and Si across the
interface of the molten copper-based braze
metal (containing Si) and the solid IF steel
substrate (containing Fe) at the brazing
temperature. Once the molten braze metal
(filler metal) fills the joint under capillary
action, the silicon present in the molten
braze metal diffuses into solid steel gener-
ating Si-enriched, ironbased intermediate
phase α1 that forms the interface region. At
a higher heat input (specimen P2), the braz-
ing temperature is also higher (1184°C).
This accounts for faster diffusion of Si in
steel causing the formation of more silicon-
enriched phase Fe5Si3 of submicron size in
a matrix of α1. Also, the average width of
the interface (as measured from FESEM
images, Figs. 5, 6) is larger for higher heat
input (6.13 µm) than that of the lower heat
input (2.15 µm). 

According to Batz et al. (Ref. 14), the
diffusivity (D in cm2 s−1) of silicon in α-
iron as a function of absolute temperature
(T in K) is given as

D = 0.44 e –48000/RT (1)

In this relationship,
the activation energy
(Q) and the frequency
factor (D0) are 48000
Cal mol−1 and 0.44
cm2 s−1, respectively.
Taking the value of
universal gas constant
(R) as 1.986 Cal mol−1 K−1, the diffusivi-
ties of Si at two brazing temperatures, viz.
1290 K (1017°C) and 1457 K (1184°C)
were calculated as 3.21 × 10–9 cm2 s−1

(namely, D1) and 27.49 × 10–9 cm2 s−1

(namely, D2), respectively. The diffusion
distance (x) is known to be proportional to
(Dt)1/2 (Ref. 15). By inspection of the heat-
ing and cooling cycles for the two heat in-
puts employed and shown in Fig. 9, the
diffusion time (t) may be assumed to be
similar in the two cases. Then, the ratio of

the diffusion distance (x2) at 1184°C to the
diffusion distance (x1) at 1017°C would be
equal to (D2/D1)1/2, i.e., 2.93. This value
closely matches with the ratio (2.85) of the
measured interface width (6.13 µm) at
GMA brazing temperature of 1184°C
(higher heat input) to the interface width
(2.15 µm) at GMA brazing temperature of
1017°C (lower heat input). This clearly in-
dicates that the generation of the thin in-
terface region was a process controlled by
the diffusion of silicon in α-iron. 

On the other hand, at the brazing tem-
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Table 3 — Result of Tensile Shear Test

Sample No. Maximum Load (kN) Extension (mm) Location of Failure

P1 7.13 29.46 Base metal
P2 7.19 28.93 Base metal

Fig. 9 — The thermal cycle (temperature-time history) of the joint region dur-
ing GMA brazing process.

Fig.11 — The high-resolution TEM images along with selected area diffrac-
tion pattern (SADP) of the interface region. A — P1; B — P2.

Fig. 10 — Fe-Si phase diagram (Ref. 12).
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perature, iron diffuses into the molten
braze metal and mixes under the arc. Dur-
ing cooling to room temperature, as the
copper-based braze metal solidified, iron
combined with silicon to form Fe5Si3,
which comes out as a precipitate in the
copper-based matrix. 

The relative thermodynamic stability of
different compounds of iron and silicon was
studied by Zhi-shui et al. (Ref. 16). In the
present research work, the data points (Ref.
16) of Gibbs free-energy change (ΔG in kJ
mol−1) vs. absolute temperature (T in K)
were curve-fitted (using Microsoft Excel
software), generating the following rela-
tionships:

For FeSi: ΔG = 0.0699T – 156.98, with R2

= 0.99 (2)
For FeSi2: ΔG = – 0.0117T – 25.901, with
R2 = 0.98 (3)
For Fe2Si: ΔG = 0.0177T –  109.99, with

R2 = 0.97 (4) 

For Fe5Si3: ΔG = 0.0303T –
294.29, with R2 = 0.98 (5) 

The values of coefficient of
determination (R2) very close
to 1 represent an excellent ac-
curacy of these equations.
Using these equations, the ΔG
values at room temperature
(300 K) for FeSi, FeSi2, Fe2Si,
and Fe5Si3 were calculated as
–136.01, −29.41, −104.68,
and −285.20 kJ mol−1, respec-
tively. The most negative value
of ΔG for Fe5Si3 formation as
compared to other compounds
of Fe and Si justifies the stabil-
ity of Fe5Si3 in the microstruc-
ture. The larger volumetric
fraction and size of  Fe5Si3 pre-
cipitates in the braze metal at
higher heat input (higher braz-
ing temperature) as compared
to that at lower heat input
(lower brazing temperature) is
due to the greater diffusion of
Fe in the molten braze metal at
a higher brazing temperature
(1184°C). 

It is important to note that
the GMA brazing temperatures (1017°
and 1184°C) of the present study exceeded
the boiling point of pure zinc (907°C), the
coating metal originally present on the gal-
vannealed steel sheets. Therefore, the zinc
coating was vaporized locally at the joint
region during the GMA brazing process.
Subsequently, there was no trace of zinc
found in the joint region.    

Joint Properties and Joint Efficiency

The microhardness traverse curves for
both the specimens (P1 and P2) are shown
in Fig. 14. In both the cases, relatively
lower hardness is exhibited by the braze
metal, as expected for a soft copper-based
matrix. At the interface, there is a sharp
rise in hardness due to the presence of
hard α1-based matrix. Thereafter, the

hardness decreases sharply in the HAZ
and base metal. The HAZ region pos-
sesses relatively higher hardness than the
base metal. The microstructure of the-
HAZ consists of destroyed polygonal fer-
rite grains and acicular ferrite. The
destroyed polygonal ferrite grain regions
appear to be coarser than the ferrite grains
of the base metal, though the actual grain
size could not be measured due to lack of
grain boundary clarity. However, the nee-
dle-shaped acicular ferrite possesses a very
small crystal size (crystal width in the
range of 4–8 µm). Besides, as a displacive
transformation product generated through
para-equilibrium nucleation and diffu-
sionless growth, acicular ferrite contains a
dense substructure of dislocations (Refs.
17–19). However, the polygonal ferrite (as
observed in the base metal) is reported to
possess significantly lower dislocation con-
tent (Ref. 17). 

Therefore, due to such morphological
and microstructural features, acicular fer-
rite has been shown to provide not only
better hardness and strength, but also
higher resistance to crack propagation
(Ref. 20). Also, the hardness of the braze
metal is marginally higher than the base
metal. This is attributed to the presence of
uniformly distributed Fe5Si3 in the copper-
based matrix of the braze metal. While the
hardness of the interface region is much
higher than the braze metal, HAZ, and
base metal in both the specimens, the
specimen (P2) with higher heat input ex-
hibits relatively higher hardness (291 HV)
of the interface region than the specimen
(P1) with lower heat input (268 HV). The
interface microstructure of the specimen
P1 consists only the α1 phase. However,
the specimen P2 possesses the submicron
sized Fe5Si3 dispersed in α1 as the mi-
crostructure of the interface region. Ac-
cordingly, the additional factor of
dispersion hardening contributes to the
higher hardness of the interface in speci-
men P2. In concurrence with the micro-
hardness test results, during tensile shear
tests, the failure occurs in the base metal
region, the softer and less strong part, in-
dicating 100% joint efficiency. The occur-
rence of failure from the base metal region
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Fig. 13 — X-ray diffraction pattern of the entire joint region.
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in the specimens subjected to tensile shear
loading is shown in Fig. 15. Accordingly,
the tensile shear test result (Table 3) ex-
hibits similar maximum load and extension
in both specimens (P1 and P2) correspon-
ding to the failure at the base metal region
in both the cases. This reflects the much
higher hardness (as exhibited in the mi-
crohardness test result) and strength of
the joint interface than the base metal.

Conclusions

1) The novel method of GMA brazing
with Cu-based electrode (filler metal) con-
taining Si produces a hard and strong joint
in a galvannealed IF steel through the de-
velopment of Fe-based, Si-enriched α1 in-
terface (for lower heat input) or
submicron sized Fe5Si3 dispersed α1 inter-
face (for higher heat input).

2) During GMA brazing process, once
the molten braze metal (filler metal) fills
the joint under capillary action, the silicon
present in the molten braze metal diffuses
into solid steel forming Si-enriched, iron-
based intermediate phase α1 for lower
heat input and dispersed submicroscopic
Fe5Si3 particles in α1 matrix for higher
heat input that form the interface region. 

3) The calculated diffusion distance of
Si into the base metal is in excellent agree-
ment with the measured interface width
indicating the diffusion of Si in the iron
matrix as the controlling factor for evolu-
tion of the interface region.

4) At the brazing temperature, iron mi-
grates into the molten braze metal and
mixes under the brazing arc. During cooling
to the room temperature, as the copper-
based braze metal solidifies, iron combines
with silicon to form Fe5Si3, which comes out
as precipitate in the copper-based matrix.
The calculated lowest Gibbs free-energy
change for the formation of Fe5Si3 as com-
pared to other phases of Fe and Si justifies
its stability in the microstructure. 

5) The presence of acicular ferrite in
HAZ and the typical microstructure of
Fe5Si3 precipitates distributed in copper-

based matrix in braze metal provide rela-
tively higher hardness than the base metal.
Most importantly, as compared to other
regions (base metal, HAZ, and braze
metal), a sharp rise in hardness is observed
at the interface region that contains α1 at
lower heat input. Still higher hardness of
the interface is obtained for higher heat
input where submicron-sized Fe5Si3 is dis-
persed in the α1 matrix. Accordingly, dur-
ing tensile shear test, failure occurs at the
weaker base metal region for both heat in-
puts, indicating 100% joint efficiency.
Therefore, even with a nonferrous copper-
based braze alloy (filler metal), it is possi-
ble to join IF steel to itself.
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Fig. 15 — The failure location in the GMA brazed specimens subjected to tensile shear loading.

Fig.14 — The microhardness traverse curves of the
joint.
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