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Abstract
Selection of a brazing filler metal (BFM) generally 
involves thorough analysis of the BFM’s capability 
to satisfy the design criteria based on the service 
conditions. In addition to mechanical properties and 
corrosion resistance, consideration is often given 
regarding the cost of the BFM.
 
Iron based BFM’s can have a marginal cost 
advantage compared to nickel based BFM’s. In this 
study iron based BFM alloys are compared to nickel 
based BFM alloys. The strength of the BFM’s are 
obtained according to AWS C3.2/C3.2:2008 Section 
4: Single Lap Shear Joint Testing [1]. A single base 
metal is used in this study: 304 Stainless Steel. A 
joint overlap of approximately two times the base 
metal thickness (2T) is used. Each BFM is brazed 
in vacuum atmosphere of high quality (10-5 Torr 
(1.33x10-5 mbar) ). The recommended brazing 
temperature is observed for each alloy as joint 
quality and strength are considered to be dependent 
on the use of the proper temperature during brazing. 
Metallographic samples of each alloy are prepared 
for optical microscopy. Joint strength for each alloy 
is reported and optical micrographs are presented. 
Other characteristics such as general flowability and 
gap filling capability are also compared. Corrosion 
Testing was conducted according to VDA 230-214 
Testing Method for Resistance of Metallic Materials 
to Condensate Corrosion in Exhaust Gas-Carrying 
Components. [12] Corrosion testing results are 
reported and micrographs and photos of corrosion 
test samples are presented. Sessile drop wettability 
[5,6,8] and variable vertical clearance [8] flow 
experiments are also conducted and those results 
are reported. 

Introduction
At the current time there are few if any iron base 
BFM’s specified for brazing or braze welding 
in commercial standards. Nickel (along with 
aluminum, copper, silver, gold and titanium) base 
BFM’s are used extensively and standards such as 
AWS A5.8 [2] cover many of these BFM’s. 

This paper offers a snapshot of properties achieved 
with various nickel and iron based BFM’s with the 
intent to illustrate to design engineers some relative 
capabilities of the braze joints produced.

Historically the price of nickel has fluctuated widely. 

In 1989 the price of nickel was around $8.00 per 
pound. In 1999 the price of nickel was as low as 
$2.00 per pound. In 2007 the price reached an all-
time high of over $22.00 per pound. In December 
2014 the price is somewhat over $7.00 per pound. 
[3] In contrast to this wide fluctuation the price of 
iron remains modest by comparison, currently less 
than $1.00 per pound. Given costs for associated raw 
materials, the more highly alloyed an iron base alloy 
is the higher its overall cost, conversely the more 
highly alloyed (excluding additions such as Mo, Co 
or W) nickel base alloys become less costly. Keeping 
in mind the expectation that melt loss to slag of an 
iron base versus a nickel base alloy may be higher, it 
remains possible that there are applications where 
iron alloys could provide acceptable cost and service 
in brazing applications. 

Fundamentally, the same alloy additions which 
lower the melting point of nickel into a range 
suitable for brazing have the same overall effect 
for iron. Additions of boron and/or silicon and/or 
phosphorus allow nickel or iron alloys to become 
BFM’s. [4] The group of BFM’s tested in this study 
are shown in table 1.

Table 1. Chemistries of selected BFM’s
BFM Ni Fe Cr P Si B Cu Mn

Nicrobraz® LM Bal 3 7  - 4.5 3.1  -  - 

Nicrobraz® 30 Bal  - 19  - 10.2  -  -  - 

Nicrobraz® 50 Bal  - 14 10  -  -  -  - 

Nicrobraz® 31 Bal  - 22 4.5 6.5  -  -  - 

Nicrobraz® 152 Bal  - 30 6 4  -  -  - 

Niferobraz® 9080 20 Bal 29.5 6 7  -  -  - 

EXP Iron Alloy [16] 20 Bal 24 7 5  - 10 5

A comparison of properties tested including the 
following will be summarized in the Results section.

• Flowability/Wettability
• Gap Filling Capacity
• Joint Strength
• Corrosion Properties

As always the design engineer must collectively 
weigh the various limitations, advantages, and 
disadvantages of any BFM in combination with 
the practicalities of application, suitable brazing 
capabilities, acceptable brazing cycles and 
atmospheres in conjunction with service conditions 
and economic impact as well as reliable safety 
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factors. [5-6] As a developer, manufacturer, and 
supplier of BFM’s we offer base line types of data in 
this venue which the design engineer can then utilize 
to advance the separate DOE (design of experiment) 
programs often required to validate material and 
process selection.

Procedures
Sessile  drop wettability or BFM flow testing was 
conducted using 0.2 grams of BFM applied to a 
304 stainless steel substrate then brazed under 
vacuum at brazing temperature for 30 minutes. The 
flow area measurements were calculated using 
the digital image measurement software package 
SigmaScan Pro 5.0 [7]. Before calculating the area 
of each wetting test sample, the software utilises 
a three-point calibration in order to accurately 
determine distance in the X and Y direction. The area 
option within the trace measurement mode was 
then selected in order to calculate circumferential 
wetting area.

AWS C3.2M/C3.2:2008 Section 4, Test Specimen and 
Procedures for the Testing of Single-Lap Joints in 
Shear was used as a guideline for the preparation of 
specimens and as the standard for tensile specimen 
testing. [1] The “Tack Weld Fixture” depicted in the 
AWS standard was not used, instead; a customized 
“Tack Weld Fixture” was fabricated in order to prepare 
several test specimens simultaneously. Using the 
custom tack welding fixture as many as seven (7) 
single lap shear specimens were prepared at once 
by carefully positioning two 127mm x 260.4mm x 
1.14mm (5” x 10.25” x 0.045”) sheets of 304 stainless 
steel with the intended overlap of 2T. Foil tabs of 
stainless steel 304 with a thickness of 0.051mm 
(0.002”) were placed between the plates at the tack 
welding locations in order to maintain the intended 
gap during tack welding and brazing. Following 
tack welding, BFM was applied to one side of the 
gap and the entire plate was brazed at the selected 
brazing temperatures (table 3) for one hour in a 
Centorr Vacuum Industries Workhorse Series 3530 
I-L vacuum furnace at 10-5 Torr pressure. Following 
the 1 hour hold at brazing temperature, samples 
were furnace cooled to 815° C followed by forced 
argon cooling to <100° C. (Fig.1) After brazing, each 
plate was cut using garnet-slurry water jet cutting 
into seven individual specimens conforming to the 
dimensions of Figure 5 of the AWS C3.2M/C3.2:2008 
standard. (Fig.2). The procedure for testing the 

single lap shear specimens was followed as written 
in AWS C3.2M/C3.2:2008, Sections 4.3 and 4.4. 
Tensile testing of single lap shear specimens was 
performed by IMR Test Labs in Lansing, N.Y.

Corrosion Testing was conducted by Exova Ltd. 
In West Midlands U.K. according to VDA 230-214 
Testing Method for Resistance of Metallic Materials 
to Condensate Corrosion in Exhaust Gas-Carrying 
Components. [12]

Figure 1. Brazed Sheets of SS-304 marked for cutting into single 
lap shear specimens.

Figure 2. Single lap shear specimens as 
cut from brazed sheets.

Results and Discussion
It is important to have an understanding of the 
interaction between molten BFM and the surface 
(base) to which it is applied. Wetting and molten 
metal filler flow are dependent on the composition 
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and surface characteristics of the base, and the 
composition and fluid properties of the BFM as well 
as atmosphere and temperature conditions. [8-10] 
IBSC 2012: Proceedings from the 5th International 
Brazing and Soldering Conference, Molten Metal 
Flow: In Search of Fundamental Properties, 
Stephen Liu and Juan Carlos Madeni [6] discusses 
how modeling can and is applied to molten metal 
flow. The wettability/flow testing performed here is 
to demonstrate wetting capability and compare the 
results.

Wettability results are shown in figure 3 where the 
actual flow area for equal weights of each BFM is 
illustrated.
 
Nicrobraz® 50 flow results are not included in figure 
3 in order to preserve the scale. Actual flow area for 
Nicrobraz® 50 at 1100°C was approximately 3,850 
mm2. Typical photos of the BFM flow are shown in 
figures 4 and 5.
 

Figure 3 - Comparison of wettability of the 
BFM test group

Figure 4 (not to scale)  
Niferobraz® 9080 flow test  
at 1100°C

Figure 5 (not to scale)  
Nicrobraz® 152 flow test 
at 1100°C

One characteristic somewhat related to wettability 
is the capacity for a BFM to fill a wide gap. The 

capability to fill wide joint gap can come into play 
during part assembly processes where precision of 
fit up is either not well controlled or part tolerances 
cannot be made precise as may be desired. [5, 8] To 
investigate the capability of a BFM to fill a joint by 
capillary action a Vertical Variable Clearance test is 
used. [8] The maximum joint gap filling capability is 
shown in table 2. The group of BFM’s tested all show 
excellent capability to fill vertical joints against 
gravity.

Table 2. Widest gap filled for each BFM

BFM Maximum Gap Filled 
(mm)

Nicrobraz® 152 0.54

Nicrobraz®  30 0.48

Niferobraz®  9080 0.46

EXP Iron Alloy 0.46

Nicrobraz®  LM 0.45

Nicrobraz®  31 0.44

Nicrobraz®  50 0.40

An evaluation of joint strength using the standard 
method; AWS C3.2M/C3.2:2008 standard was made 
with the exception that the specimens were loaded 
by clamps rather than pins. As for all testing of 
this type the results are predicated based on the 
selected base metal, fixturing and brazing cycle. 304 
stainless steel was chosen with a nominal overlap 
of approximately two times the section thickness. A 
joint gap was set with the use of shim stock with a 
thickness of approximately 0.051mm (0.002”).

Time at the brazing temperature was selected 
to promote a reasonable amount of diffusion but 
not so long as to be unworkable in a production 
environment. Brazing temperatures for each BFM 
were selected based on recommended temperatures 
from literature [14-16]. 

Joint strengths were calculated per section 4.5.1 of 
AWS C3.2M/C3.2:2008 which calls out:

Average shear stress (BFM) = Breaking load / 
(Brazed joint overlap x Width)

Average tensile stress (base metal) = Breaking 
load / (Width x Base metal thickness)
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These test results are shown in figure 6. The brazing 
temperature for each BFM is shown on table 3.

Figure 6. Average Shear strength results from single-lap shear 
specimens.

The high joint strength obtained by Nicrobraz®  LM 
is likely due to the extensive diffusion of boron from 
the joint into the surrounding metal and the absence 
of brittle phases in the centerline of the joint as 
evidence by the Nicrobraz®  LM micrograph (Fig.8). It 
is also interesting to note that the Niferobraz® 9080 
alloy outperforms the EXP Iron alloy. Nicrobraz® 
50 can be expected to have the least diffusion of 
the braze joint because it is brazed at the lowest 
temperature (1800°C) of all the alloys tested in this 
study.

Table 3. Brazing temperatures used for 
shear strength specimens

Alloy Temperature 
°C

Temperature 
°F

Nicrobraz®  LM 1038 1900

Nicrobraz®  31 1149 2100

Niferobraz®  9080 1177 2150

Nicrobraz® 152 1066 1950

Nicrobraz®  30 1177 2150

EXP Iron Alloy 1100 2012

Nicrobraz®  50 982 1800

During loading of the lap-shear specimens the yield 
strength of the base metal was exceeded. Type 304 
stainless steel has minimum yield strength of 205 
MPa [13]. Figure 7 shows photos before and after 
tensile testing of the Nicrobraz® LM specimens 
which indicate severe elongation.

Figure 7. Photo shows before and after lap-shear specimens. 
Illustrated is the base deformation at the joint and the relative 
amount of elongation during loading.

Type 304 stainless steel has a minimum tensile 
strength of 515 MPa [13]. During the lap-shear 
testing the stress in the base metal specimens 
ranged between 214 MPa for Nicrobraz® 50 and 
435 MPa for Nicrobraz® LM. Failure in all cases 
was predominantly within the BFM with several 
specimens showing some indications of failure in or 
adjacent to the diffusion zone of the base metal in 
the fracture area. An in depth study of the fracture 
by SEM/EDS was not within the scope of this work. 
Micrographs shown in figures 8-11 show examples 
of the lap joints.

Figure 8. Nicrobraz® LM Micrograph of brazed lap shear joint.
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Figure 9. Nicrobraz® 152 lap shear joint.

Figure 10. Nicrobraz® 152 brazed lap shear joint.

Figure 11. EXP Iron Alloy brazed lap shear joint.

Notably the metallographic sections of Nicrobraz® 
30, Nicrobraz® 50, and the EXP Iron Alloy show 
cracking associated with the braze joint. There are 
a couple of possibilities regarding the root cause of 
this cracking:

• Residual stresses after brazing
• Metallographic specimen preparation

Regardless of the mode of crack manifestation it is 
evident that these BFM’s are more prone to cracking 
than the remaining BFM’s in the group when 
brazed under the conditions of time temperature 
and specimen geometry. The scatter of data for 

Nicrobraz 30 (standard deviation 42.1 MPa) indicates 
that it was in a brittle condition or already contained 
numerous cracks prior to testing [8-11]. Table 4 
shows the standard deviations and ranges for shear 
stress at failure for this group of BFM’s.

Table 4. Standard deviation for shear strength 
testing, 7 samples were tested for each BFM.

Filler Metal

Standard 
Deviation 
of Shear 
Stress 
Data 

(MPa)

Shear Stress Range

Minimum
(MPa)

Maximum
(MPa)

Nicrobraz® LM 13.9 153.1 189.6

Nicrobraz® 30 42.1 77.9 197.2

Nicrobraz® 31 12 123.4 159.3

Nicrobraz® 152 4.1 120.0 133.1

Niferobraz® 9080 4.1 128.2 139.3

EXP Iron Alloy 7.6 95.8 118.6

Nicrobraz® 50 5.5 73.1 88.9

An evaluation of corrosion behavior of the BFM group 
was made according the VDA230-214 test method for 
Testing of Metals in Exhaust Gas Condensate. [12] 
In this 7 day cyclical test the weight change results 
are reported for strong acid solution and weak acid 
solution plus salt. Graphical comparison is shown in 
figures 12 and 13.

Figure 12. Total weight loss for 7 day test/K1.2 (strong acid 
solution).
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Figure 13. Total weight loss for 7 day test/K2.2 (weak acid and salt 
solution). 

The difference between strong acid and weak acid 
is on the order of ten times with respect to weight 
loss. More dramatic is that the BFM with the highest 
weight loss in strong acid (Nicrobraz® 50) exhibits 
nearly the least weight loss in the weak acid solution. 
This should illustrate to designers that data from 
corrosion test bench marks should be used with 
careful consideration. Whenever possible actual 
service solutions or field trials should be part of 
the validation procedure during BFM selection and 
testing.
 
When conducting corrosion testing on a brazed 
assembly additional evaluations in the form of 
visual observation and metallographic examination 
can lead toward better understanding of the way 
in which the assembly tends to corrode. [8] When 
visual observation shows an effect such as dulling 
or etching over the base metal and no effect is 
seen visually or after metallographic examination, 
further study is indicated to evaluate how any 
electrochemical or galvanic corrosion may be 
affecting the assembly. Visual observations for the 
VDA testing group are shown in table 5.

While some corrosion of the base metal is evident 
from the macro-photos, it is unclear from the 
micrographs if inter-granular corrosion has taken 
place in most samples. Some surface pitting can be 
seen in the micrographs following corrosion testing 
and a buildup of corrosion products is apparent 
at the edges of the fillets. The micrographs of 
Nicrobraz® LM do show susceptibility to inter-
granular corrosion most likely due to nickel rich 
boride precipitates which are exposed at the edge of 
the fillet. Although Nicrobraz® LM has a reasonable 
brazing temperature and high shear strength (both 
of these due to extensive diffusion of the boron) it 
shows little resistance to corrosion due to the same 
boron diffusion phenomena.

Table 6 on the next page shows photos of the observed 
specimens following this corrosion test in the K1.2 
solution and the corresponding metallographic 
cross sections.

Table 5. Evaluation of Brazed Samples Following 
VDA 230-214 Corrosion Testing.

BFM  K1.2 Solution Temperature 
°F

- Observations  K2.2 Solution 1900

- Observations 1149 2100

Nicrobraz® 50 Severe dulling No visual  
effect

Nicrobraz® 30 Dulling Slight effect + 
rust

Nicrobraz® 31 Dulling No visual  
effect

Nicrobraz® LM Dulling and 
spots

No visual  
effect

EXP Iron Alloy Dulling and 
pits

Slight effect + 
rust

Niferobraz® 
9080 Dulling No visual  

effect

Nicrobraz® 152 Dulling No visual  
effect
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Table 6. Corrosion specimen photos and braze joint micrographs before and after corrosion testing.

Immersion specimens As Brazed After immersion

Nicrobraz® 50

Nicrobraz® 30

Nicrobraz® 31

Nicrobraz® LM

EXP Iron Alloy

Niferobraz® 9080

Nicrobraz® 152
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Conclusions
1. This group of filler metals all exhibit capability to 

wet 304 stainless steel base metal. No conditions 
of non-wetting or de-wetting were observed. 
Nickel, chromium, phosphorus filler metal 
exhibits the greatest wetting capability on 304 
stainless steel at 1100°C test temperature.

2. This group of filler metals all exhibit the capability 
to flow by capillary action in a vertical direction 
and to fill gaps which are wider than normally 
designed joints.

3. Lap Shear specimens tested to failure all failed 
at stress conditions above the minimum yield 
strength for the base metal 316L stainless steel.

4. Three of the filler metals exhibit some degree of 
cracking upon metallographic examination of the 
brazed Lap Shear specimens. These filler metals 
appear to be more subject to cracking than the 
other four filler metals used for this testing.

5. Corrosion testing shows that filler metals with 
higher levels of chromium tend to perform better 
when tested by the VDA230-214 method.

6. Based on the specific conditions of these 
laboratory tests it appears that the two iron base 
filler metals tested show capabilities to perform 
as well as some nickel base filler metals. It 
should be noted that a relatively higher brazing 
temperature is required to achieve these results. 

7. Nicrobraz® 152 performed well in all test 
categories and proved superior in terms of gap 
filling ability, wettability and corrosion resistance 
under the strong K1.2 acid solution conditions.
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