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ABSTRACT

This study is focused on determining the impact of short-time annealing during industrial brazing process. Short-
time annealing is commonly used to alleviate residual stresses resulting from the brazing process and represent in
this study 30% of the process time. Samples were selected using two designs of experiments with three main
parameters which are temperature of brazing, temperature of short-time annealing and time of first cooling for
the first, and temperature of brazing for the second. Shear resistance tests allowed to refine the selection of
samples for further investigation. EDS views, hardness measurements and residual stress measurements were
conducted. From the obtained results, although slight differences were observed in the microstructure, hardness,
and residual stresses of the samples, no clear pattern of impacts could be attributed to short-time annealing. In
conclusion, this study did not find substantial evidence of short-time annealing having a significant impact on the
microstructure, hardness, or residual stresses in the context of industrial brazing for wood cutting tools. Further
research could explore other annealing parameters or alternative heat treatment methods to achieve the desired

material properties.

1. Introduction

The wood industry is one of the most prolific in Canada, which
creates a lot of jobs. Wood cutting is one such job category, and involves
the use of tools mostly made of tool steel [1]. However, tools used in this
industry may face hard particles such as rocks, lead which can impact
the quality of the wood. To combat that, specific cutting tools, such as
those made of tungsten carbide, are used. These tools are characterized
by a very high hardness and relatively good toughness and resistance to
wear and erosion [2-6]. Because of cost constraints, tools cannot simply
be made entirely from tungsten. To overcome this, processes such as
brazing are used to join tungsten to other materials to maximize the
mechanical properties of the tools [7,8].

The brazing process is highly valued in industry because of its
simplicity of application and relatively low cost [9]. It is a joining
technique that proceeds by adding a certain material, and that consists
of three main steps: i) assembly of the joint zone, whose temperature is
then raised to reach the melting temperature of the filler material, but
not that of the rest of the assembly; ii) production of good wetting
conditions for the filler material between the tungsten carbide and the
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steel substrate to create a seal between them; iii) cooling of assembly
under specific conditions once the seal is in place. In this process,
though, the joint may break or become separated and products may
sustain damage.

Although the brazing technique is well-known for its simplicity, the
brazed joint is, however, heterogeneous in nature, as it involves
different phases, with each having different physical and chemical
properties. Moreover, the presence of porosity, segregation of elements,
and residual stresses during cooling could all contribute to the fragili-
zation of the joint and lead to failures located in the joint but also in
other areas of the brazed product [10,11]. Therefore, in order to achieve
optimum joint properties, it is of critical importance to better under-
stand the interactions between process parameters and joint quality in
terms of microstructural homogeneity as well as mechanical properties.

The quality of brazed joints depends on various process parameters,
with brazing temperature and time being particularly crucial, as re-
ported by many authors [12-16]. A better understanding of the influ-
ence of these parameters is essential in industry as it could result in
significant cost reductions but also a reduction of the failures during
production. These failures can be due to residual stress concentration
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Table 1
Chemical composition of different materials of the study (wt%).
AISI 8670 C Ni Mo Mn Cr Si P S
Steel 0.75% 1.00% 0.10% 0.60% 0.50% 0.30% 0.025% 0.025%
TMK22 WC Co
Tungsten carbide tip 94.0% 6.0%
Brazetec 4900 A Ag Ni Wn Mn Cu
Filler metal 49.0% 0.5% 20.5% 2.5% 27.5%

induced by differences between the coefficient of thermal expansion of
the brazed materials [17]. Furthermore, production parameters have a
direct impact on the strength of the joint, as highlighted in [18]. One of
the key factors used to assess the quality of a brazed joint is its shear
strength. Extensive research efforts, exemplified by references [19-21],
have been dedicated to studying the impact of brazing process param-
eters on the shear strength of the joint. It must be noted that both
temperature of brazing and holding time of this temperature during
brazing process influence the microstructure of the brazed joint [22,23].
Specifically, as reported by Gambaro et al., [24], brazing temperature
and time impact the growth of intermetallic compounds, and could lead
to a reduction in the mechanical properties of the joint, including
bonding strength, [19,24,25], or even failures in the joints with
appearance of micro-cracks, as shown by Wang et al., [19].

The filler metal plays a crucial role in achieving a successful brazed
joint. These include, but not limited to: its fluidity, stability during
operation, wettability, volatility rate, ability to create bonds with the
base materials, erosion and surface condition. In addition, the wetting
includes various factors such as the contact angle with the surface, the
energy of the surface, etc. Among the challenges, the much lower
wettability of ceramic materials (e.g., tungsten carbide) and the differ-
ence in thermal expansion coefficient between the ceramic and the
metal substrate need to be studied and optimized for the specific alloys
and joint design in the present project. Additional elements in the filler
material [26-29] could also improve the wettability by allowing a better
spreading of the filler material [27].

In industrial brazing, annealing is the last step in the process. Indeed,
brazing induces stresses during production and annealing is a solution
for this issue [30,31]. Because of the short time of the process, this part
of the thermal cycle is called short-time annealing [32-34]. The selec-
tion of the short-time annealing temperature, has a significant impact on
the residual stresses, microstructure and hardness [30,31,34-37]. To
this extent, the annealing step is proceeded in the area most affected by
the heat during the process and presenting issues, i.e., the end of the heat
affected zone on the shoulder of the saw.

Annealing also has some impacts on other material properties linked
to residual stress, such as the microstructure and the hardness [38,39].
Although it is common practice in industry to proceed with short-time
annealing after brazing, only limited information is available on the
impact of the annealing process on brazed products for wood cutting
tools.

The aim of the present article is to study the impact of the short-time
annealing process on brazed cutting tools for the wood industry as a way
to reduce failures induced by the process. Accordingly, samples were
selected via a Design of Experiments (DoE). The annealing portion of the
thermal cycle represents about 30% of the total process time. This study
compares two different thermal cycles of the brazing process in a bid to
provide an understanding of the impact of a fast anneal on the me-
chanical properties of the saw and of the brazed jaw during the thermal
cycle. A mechanical analysis was performed on selected samples rep-
resenting different thermal cycles and different shear resistance values
to adjudicate over the interest of short-time annealing during brazing.

2. Experimental procedure
2.1. Materials used

The test specimen for this study consists of three components: a steel
substrate, filler material and tungsten carbide. AISI 8670 tool steel, a
low alloy steel mostly used in the wood industry for the production of
circular saw bodies, was selected [40]. Its chemical composition is
presented in Table 1. JMATPro software was used to run an analysis over
AISI 8670. The software allows a better understanding of the material by
modeling its properties and behavior [41]. CCT and TTT analyses were
thus run, and will be discussed later in this paper. The saw used for this
study, made with this steel, are 3.05 mm thick, and 304.80 mm in
diameter.

Tungsten carbide tips used in this work is commercially available
from Techmet, and is referenced as TMK22. Its chemical composition is
presented in Table 1. Its tips are 3.3 mm large, 12.8 mm long, and 5.94
mm thick.

Filler material is used for bonding. It is furnished with a flux for
properly preparing the surface to allow better bonding. It is a Silver-
Copper base material and is commercially available as Brazetec 4900
A. The material is 3 mm large, 0.3 mm thick, and 12.8 mm long. The flux
used during this process, as recommended by the seller, is Brazetec h285
Paste.

All the chemical compositions are detailed in Table 1:

The production was realized entirely on an automatic brazing ma-
chine, the Ferling Automation GLL. The parameters used for the pro-
duction were selected via a Design of Experiments (DoE) realized in
collaboration with the industrial partner, and are specified in the next
section.

2.2. Selected samples

Samples were produced with different production parameters on the
Ferling Automation GLL. This machine allowed an automatic precision
brazing programmable process for the dosing of flux, follow of the
temperature, positioning of the tips and versatility allowing to work
with different geometry of circular saws, tips or filler materials [42].
That is why the selection of the samples for this study was done with this
parameter as first criteria of selection to compare different products
produced across different thermal cycles. Because of the high number of
parameters involved in the process, a DoEs was selected as a route in
order to reduce number of samples produced.

Two distinct DoEs were realized, one for each thermal cycle. The
parameters considered were the brazing temperature and the annealing
temperature and first cooling time[18,22,38,39]. Other parameters,
such as the brazing time and the annealing time, were set for this work.
A surface response center composite with 3 parameters was selected for
the thermal cycle with short-time annealing and D-Optimal plan with
one factor was run for the thermal cycle without short-time annealing.
D-Optimal in the only DoE method that allows working with just one
factor. The surface response center composite was selected over the
Box-Behnken design because it provides better prediction results [43,
44]. Minitab and Design Expert were used to create the DoEs with fac-
tors chosen to minimize the number of tests/specimens, with 33 samples
produced in total, as compared to more than 100 without this method.
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Fig. 1. Thermal cycle of industrial brazing process at DK-Spec.

The production thermal cycle can be illustrated as in Fig. 1:

Fig. 1 highlights the three main parameters used as inputs for the
DOEs, namely brazing temperature, annealing temperature and the time
of 1st cooling which could be changed during production process.
Among these parameters, brazing and annealing times were fixed ac-
cording to industrial practice. Inputs for the DOEs were evolving in the
intervals defined by industrial practices.

Inputs were changed for the DoEs according to ranges of work used
during normal production time and according to documentation from
the supplier of filler metal and flux [45,46]. The brazing temperature
was thus changed from 680 and 720 °C, the annealing temperature from
450 to 600 °C, and finally, the time of 1st cooling, from 1.5 to 2.5 s

Samples were selected over their results at shear tests [47]. The
GLFPE Brazing bond strength measuring unit was used to run the tests.
Samples were prepared to measure the layer thickness and shear resis-
tance of intermetallic compounds (IMCs). The shear tests are destruc-
tive, but were run in a controlled area with the same operator. Firstly,
IMC layer thickness and shear resistance results were analyzed, but
because of the distribution of those results. Selection of the samples will
use as primary criteria results over shear resistance tests. Moreover, to
reduce the number of samples to be analyzed in greater detail, it was
decided to consider only the best and worst samples in terms of shear
strength test results. The surface and thickness will be further investi-
gated during this study, which means samples will be tested in both
directions. As such, for each thermal cycle, 2 samples represent surface
tests, and 2 samples represent thickness tests.

2.3. Analysis

All the tests performed involved the use of different analysis tech-
niques. For the microstructure analysis, two different instruments were
used, namely, the SEM Hitachi TM-3000 with an EDS module and the
Lext 4100 confocal microscope.

JMATPro software was used to obtain CCT and TTT results for the
AISI 8670 used in this study. Fiji software was used for the analysis of the
microstructure views. A thickness measurement module was used to
measure the IMCs’ layer thickness. Residual stress measurements were
performed using Pulstec x360. This machine allows to measure residual
stress on the surface of samples via the x-ray diffraction method. Finally,
hardness measurements were realized on a Struers Duramin 40 ac-
cording to ASTM A370-22 and E92-17. The Vickers method was used,
with a holding time of 10 s, with two different loads, HV;¢ and HV 5,
depending on the direction of measurement. Hardness tests and residual
stress measurements were performed at ambient temperature. For each
sample, location and test, at least three tests were done, and the average
hardness and residual stress values were used.

Tungsten carbide
Joint

Steel

Shoulder (end of HAZ)
Carbide joint interface
Steel joint interface

e

"~ Heat affected
zone (HAZ)

Fig. 2. Schema of surface view of saw’s teeth with zones of interest.
2.4. Preparation

All the samples were analyzed on different machines and were pre-
pared with polishing paper and solution up to 1 pm. For the micro-
structure, etching with Nital 3% was done for 10 s before an analysis was
performed on a microscope.

As Fig. 2 shows, a single sample presents different zone of interest.
This figure represents a view of a saw’s teeth. It allows to highlight the
zones of interest, namely, the joint area, the heat affected zone (HAZ),
and more especially, the shoulder, which is at the end of the HAZ.

As is shown in Fig. 3, samples were cut in thickness direction, after
which they were mounted. In this study, there are different zones that
deserve in-depth research. They are located all over the samples and
especially in the HAZ. According to the manufacturer of the saws,
particular attention was paid to the end of the HAZ. Indeed, fracture or
bending occur in this zone, called the shoulder zone. In this way, the
process implies an annealing process applied on the shoulder area;
therefore, residual stress measurements were made only in the shoulder
zone.

3. Results and discussion
3.1. Shear resistance tests for samples selection

For both DoEs, measurements of the intermetallic compounds layer
were realized. The SEM TM3000 was used to capture images, which
were then processed using Fiji software to calculate the thickness of the
layer. The SEM examination allowed to observe the interface between
the different parts of the system. In a preliminary study, it was observed
that when the samples fractured, a crack propagated from the interface
between the joint and the carbide. A continuous layer of intermetallic
compounds is observed along the entire interface. Fig. 4 illustrates the
resulting analysis from the image to the software.
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Fig. 3. Preparation steps to obtain thickness samples to analyze: (a) produced sample, (b) sample enrobed for analysis and positioned in thickness direction.
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Fig. 4. TM3000 view analyzed with Fiji software for IMCs layer measurement: (a) TM3000 view; (b) Highlight of IMCs with Fiji; (c) Thickness measurement
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Fig. 5. Shear strength as a function of average IMCs layer thickness for brazed
saw samples.

The measurement results were compared with results from shear
strength tests to identify any relation between both properties. Both
results are detailed in Fig. 5.

This analysis indicates that there is no significant relation between
the shear strength and thickness of the IMCs layer. The literature shows
that there is an optimum thickness at which layers maximize their shear
resistance [48,49]. Moreover, it also indicates that an optimum shear
strength value is obtainable with the specific brazing temperature [50].
The temperature will thus impact both the shear resistance and the
thickness of the IMCs layer [51]. However, this is not visible in the
present work. All the samples tested and both thermal cycles did not
seem to identify any impact of a thermal cycle with short annealing on
the shear resistance or IMCs layer thickness. Further analyses were

conducted on a reduced number of samples.

The samples selected from the first thermal cycle with annealing,
along with their fabrication parameters, are listed in Table 2.

The selected sample from this second thermal cycle with parameter
of fabrication and results over shear tests are listed in another table,
Table 3.

Four samples were selected for each cycle. Results for shear resis-
tance tests were not analyzed because they only served as a criterion of
selection of the samples for this study [19-21,47].

Microstructure, hardness and residual stress analysis were conducted
to quantify the impact of short-time annealing step during an industrial
brazing process on circular wood saws.

3.2. Shoulder microstructure

An analysis using JMATPro software in Fig. 6, which illustrates the
TTT diagram, shows that depending on the time of the process and the
cooling rate, microstructural changes can occur, with transitions be-
tween pearlite, bainite and ferrite.

That simulation is an initial analysis to study the microstructure of
the base material, as received AISI 8670. Microscopic examinations
were realized on surface and through the thickness. SEM observations,
realized on TM3000, revealed the presence of large size particles as well
as laths that are probably tempered martensite and ferrite microstruc-
ture. These results are in agreement with those reported by other authors
[40,52].

A comparison between all surface samples is presented in Figs. 7 and
8. It can be seen that the microstructure is similar to that of the base
material on the surface. Particles and slats typical of this type of steel
according to literature, [40], are observable in Figs. 7 and 8. While all
the samples would have to have a similar microstructure, this study
could not reach a conclusion on the impact of short-time annealing.
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Al5

A9

Brazing temperature

Annealing temperature

Time of first cooling

Brazing temperature

Annealing temperature

Time of first cooling

(§9)] (9] O] (§9)] (9] (s)
Parameters 700 525 2 700 525 1159
Shear tests 4.32 4.22
(kN)
A6 A5
Brazing temperature Annealing temperature Time of first cooling Brazing temperature Annealing temperature Time of first cooling
Q) [§9) (s) Q9] [§9) (s)
Parameters 700 525 2 680 450 1,5
Shear tests 3.12 3.09
(kN)
ble 3 context, a CCT diagram of the AISI 8670 was created with JMATPro.
Table L . . Fig. 9 illustrates that with a change of time, and thus of the thermal
Characterization of the samples from the thermal cycle without annealing. . ie
cycle, changes can occur in terms of hardness, and can be positive or
512 9 negative, depending on the desired result.
Brazing temperature (°C) Brazing temperature (°C) Hardness tests were conducted to observe hardness values in areas of
Parameters 720 720 interest and assess the impact of thermal cycle on mechanical properties.
Shear tests (kN) 4.59 3.94 - :
st o, Hardness profiles were conducted on the different samples to note any
Brazing temperature (°C) Brazing temperature (°C) changes in Fh1s mechan}cal .prop(?rty, and are presented in Fig. 10. It
Parameters 720 686 shows the different profiles in a single graph. It must be noted that, all
Shear tests (kN) 4.81 3.88 the hardness profiles illustrated in Fig. 11 have been conducted in the
HAZ of the steel.
In the surface direction, there are two hardness trends, in the HAZ
TTT and at the end of the HAZ. Indeed, it can be said that the HAZ affects the
hardness of the samples in that it reduces the average hardness because
BO0 Acm=775. Ll 1L an increase of the heating time in the zone reduces the average hardness,
1] ﬁ as shown in the CCT diagram in Fig. 9. This impact is illustrated by the
I A i difference between the profile for the base material and the other pro-
s00 :::::1 0/‘;/)0) files in this zone. An average of 80 HV is measured between the base
@ Ferite(50%) material profile and the others in the HAZ.
O 500 Dy @ Ferite(90%) Moreover, it is important to note that some variations in hardness
Pearlite(1% cale .
g =P::|:::: 10.,/)) can be observed within the HAZ, clearly demonstrating the heteroge-
T 400 o . . .
2 [ Pearlite(50%) neous nature of the Has region. The results reported in Fig. 12 further
aQ i 6 . .
£ 300 I:ea”"j‘fj"’) demonstrates that it cannot be stated that a given thermal cycle has a
= inite(1% . .
= i =B::::,:(100/)0 ) greater impact over hardness changes than the other. For instance, S2
200 18 ey

- Bainite(50%)
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Grain size : 9.0 ASTM

Fig. 6. TTT diagram for AISI 8670.

Further SEM analysis showed that the microstructure of the annealed
samples in Fig. 7 consisted of a martensitic matrix and ferrite regions
where the brazing took place close to the critical temperature (Al), as
shown in TTT diagram, presented in Fig. 6. Also, some regions of
tempered martensite (darker areas) were observed that contain
cementite particles. By contrast, in the sample without annealing, shown
in Fig. 8, the microstructure is only formed of martensite and ferrite.

It must be noted that, the hardness values presented in Fig. 10, were
at the same level. This indicates that the annealing time was too short to
make an impact on hardness.

3.3. Hardness

Hardness is a mechanical property that allows to distinguish one
product from the other. Appropriate thermal cycle leads to the required
hardness value in each zones of interest [40]. In this way, choosing the
good annealing time allows to obtain the desired hardness. In this

and A15 samples, which have received different thermal cycles, have the
same hardness profile. Therefore, it can thus not be claimed that the
annealing influences the hardness at the surface.

These were, however, not the only profiles studied. An analysis of the
profiles in the thickness direction is required to observe the impact of the
thermal cycles deep in the samples. Fig. 12 illustrates the variations of
hardness in this area. The profiles follow the same trend and have the
same average value of 430 HV 5. This can be interpreted as that even in
the depths of the saw’s teeth, the hardness is the same, and that the
annealing that is realized has no effect on the hardness.

It can be said that in terms of hardness, there is no noticeable dif-
ference between the thermal cycles with or without short-time anneal-
ing. However, anneal is mainly used to reduce residual stress induced by
thermal cycles [53]. Therefore, residual stress must be analyzed to
conclude on the interest of a thermal cycle with fast annealing in an
industrial context.

3.4. Residual stress

Residual stress measurements were performed at various locations
on the different samples. Because the brazing process involves heating, a
HAZ appeared, as illustrated in Figs. 2 and 11. This heating creates
different lines on the sample all over the HAZ. In that context, the choice
was made to measure the residual stress on these lines using a Pulstec
device. Fig. 13 (a) shows a sample produced with heating lines.

Measurements on the surface are located in the HAZ and especially
on the heating lines as illustrated in Fig. 13 (b). 3 lines of measurements
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Thickness views

Thickness views

§12_0003

Fig. 8. - Samples views — Thermal cycle without annealing x1500.

have been conducted, referenced as lines 0, 1 and 2. Each line is
composed of 3 dots, left (L), middle (M) and right (R).

Residual stress measurements were performed in the thickness di-
rection for all the batches tested as well. 3 locations were chosen, and
are illustrated as Top, Middle and Bottom in Fig. 3(b).

Measurements on the base sample were used as a reference of com-
parison for the other samples tested. Fig. 14 shows the residual stress
measurement results for the base sample and for the other samples

tested on the surface. There is no noticeable trend with respect to var-
iations of the residual stress on the surface. However, it appears that on
all the samples, the right edge contains more residual stress than the
other positions. With regard to Fig. 14, it seems that as we gets closer to
the edge of the sample and the brazed zone, the residual stress values
measured increase. This can be explained by the fact that because of the
different natures of the materials, residual stress can be produced during
brazing because the materials undergo thermal expansion [17,54].
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Moreover, machining of the edges also produces stress because of the
cutting forces [55,56]. In that context, more stress should naturally be
present in this area. However, no noticeable changes are seen between
samples having a thermal cycle with annealing and those without.
Therefore, the impact of short-time annealing is not apparent. Of note
though, this is not the only location where residual stress measurements
can be performed. Indeed, the thickness direction is also important.
These measurements provide a better understanding of the evolution
of residual stress in the samples. Indeed, it should be noted that all the
samples tested have the same order of magnitude because the residual
stress levels measured are all in compression, as shown in the graph in
Fig. 15, regardless of the location. The values are within the — 400 to
— 200 MPa interval. Negative values imply compressive residual
stresses, which is interesting from an industrial point of view [57,58].
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The main goal of the present project was to observe the impact of
short-time annealing during an industrial brazing process. However,
there is no noticeable difference in terms of residual stress between
thermal cycles with and without annealing. For some directions, with
short time annealing samples, like A6 and A9 samples, have lower re-
sidual stress in the bottom direction. But this is contrasted by other
trends where without short-time annealing some samples, like S12 and S
9, have lower residual stress in middle location, as illustrated in Fig. 15.
In that extent, a definitive conclusion cannot be drawn on the real
impact of short-time annealing during an industrial brazing process.
These results do not show any significant change in terms of residual
stress in the areas of interest between samples with and without short-
time annealing. The process allows to maintain compressive residual
stresses in the thickness of the samples, irrespective of whether or not
there is short-time annealing, as shown in Fig. 15. Yang et al. [34] show
that the short-time annealing temperature influences the residual stress.
However, in the present study, the short-time annealing duration was 1 s
long, whereas for the Yang et al. study, it was 1 min. Moreover, Yang
et al. [34] showed that there is a mutually exclusive tendency when it
comes to variation of hardness and residual stress and that both cannot
be improved simultaneously. The difference in time between the present
study and Yang et al. study can explain the minor changes in terms of
residuals stress, strength, hardness and microstructure with or without
short-time annealing. To that extend, the short-time annealing as real-
ized presently doesn’t seem to have a proper impact during the pro-
duction even though this is a costly and time-consuming step during the
process.

4. Conclusions

The microstructure, hardness and residual stress of AISI 8670 during
two different thermal cycles were investigated in this study. The
following conclusions were drawn:

1. Significant correlation was not found between the IMCs layer
thickness and the joint shear strength. This is probably due to the
limited extent of the study on this aspect and work needs to be done
to fully quantify the impact of IMC characteristics on shear strength
of the joint.

2. Short-time annealing as realized in an industrial context does not
seem to have a significant impact on the microstructure, hardness
and residual stress.

3. The short-annealing duration seems to be too short to have a sig-
nificant impact on these properties.
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Fig. 13. - Brazed samples: (a) Illustration of the heating lines, (b) locations of measured points on Pulstec.
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