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Mechanical Properties of High Temperature Vacuum
Brazed HSS on Structural Carbon Steel with
Simultaneous Heat Treatment

Mehanske lastnosti visokotemperaturno vakuumsko
spajkanih in isto¢asno toplotno obdelanih spojev
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The high temperature vacuum brazing process, at the HSS austenitization temperature makes it possible to carry out
simultaneously the brazing of HSS on structural carbon steel and heat treatment. The advantages of this process are: increased
strength of brazed foints and foughness of the part, optimum hardness and cutting edge strength for a given combination working
part/cutting tool. The process is economical when used in modern mass production methods, irrespeclive of the number of metals
lo be joined and heat treated. The adaptability makes the process so economical.
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Postopek visoko lemperalurnega vakuumnskega spajkanja v enokomorni vakuumski peéi s homogenim plinskim ohlajanjem pod
visokim tiakom vodimo v obmocju avstenitizacife hitroreznih jekel. Prednost tako izdelanih reziinih orodif je predvsem v doseganju
Zelene Zilavosti nosilnega dela iz konstrukcijskega jekla, v doseganju optimalne trdote rezila izdelanega iz hitroreznega jekla ter
njegove odpornost proll olopitvi pri dani kombinaciji delforodje. Trdnostne lastnosti vezne plasti so odvisne od dodajnega
materiala, lehnologife 1zdelave in pogojev vakuumske toplolne obdelave. Uporaba tega postopka je ekonomicna, ¢e moramo spoyiti
in vakuumsko toplotno obdeilati le nekaj ali pa vecje $tevilo orodi/.

Kljuéne besede: visoko lemperaturno vakuumsko spajkanje, trdota, mikrostukiure, strizna trdnost, natezna tradnost, vakuumska

toplotna obadelava

1 Introduction

High temperature vacuum brazing is a method of
joining of metals by means of heat and filler metal in
vacuum at temperatures above 900°C, yet below the
melting point of the joined metals, and with no use of
fluxes. The products are defect-free joints with very high
bonding strength that can even reach the strength of the
joined metal in many cases (e.g. steel, nickel or cobalt
alloys).

The high temperature vacuum brazing of HSS on
structural carbon steel with simultaneous heat treatment
is performed in single chamber vacuum furnaces, with
uniform high-pressure gas quenching at the austenitiza-
tion temperature of HSS. In this work high temperature
brazed joints of HSS and structural carbon steel with si-
multaneous heat treatment were investigated. Two braz-
ing alloys based on Ni-Cr-Si and copper were applied as
filler metals. The shear strength of an overlap joint and
the tensile strength of a but joint as well as, the micro-
structure and fracture surface were investigated.

The advantages of the process are, the requested
toughness of the carrying part from structural carbon
steel and the optimum hardness and cutting edge strength
of HSS for the given combination of working part/cut-
ting tool. Such mechanical properties of cutting tools
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manufactured in the conventional way from HSS can
only be obtained by an additional tempering operation.

Other advantages of the high temperature vacuum
process are energy savings, the omittance of expensive
tool steels and their cleaning, as well as, few parts are to
be joined or hundreds of thousands when it is economi-
cal to use vacuum brazing with modern mass production
methods. The adaptability makes vacuum brazing of in-
creasing use in the metal-joining processes.

2 Basic factors affecting the mechanical properties
of the brazed joint

The strength of the filler metal is one of the main fac-
tors influencing the strength properties of the brazing
joint, since it is a direct measure for the strength proper-
ties of the joints. Therefore, joints brazed with nickel-
base filler metal are stronger than those brazed with cop-
per-base filler metal.

The narrow joint clearance causes a high capillary
filling pressure; therefore, the gap should be parallel over
the whole length of the joint. Only in this way by in-
creased capillary filling pressure the filler metal can be
aspired into the gap. The most favourable joint clearance
for high vacuum temperature brazing is approximately 0
- 100 pm, when measured at the brazing temperature.
Figure 1 shows schematically the relation between joint
clearance and the tensile strength of the joint for flux
brazing and high temperature brazing'.
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Figure 1: Relation between the joint clearance and the tensile strength
of the joint'
Slika 1: Odvisnost med 3irino $pranje in natezno trdnostjo spoja

The tensile strength of a brazing joint increases with
the increasing tensile strength of the base metal, if all
other conditions such as filler metal and joint clearance
are the same, (Figure 2). The tensile strength of the base
metal has no influence on the shear strength of the braz-
ing joint, (Figure 3). In this case, only the properties of
the filler metal are dominant. The tensile strength of the
brazing joint decreases with the increase of the brazing
contact area, (Figure 4). This can be explained by the
fact that the chance for the formation of blowholes in-
creases with the contact area, especially if the flow path
for the filler metal also increases. However, the loadabil-
ity of the piece is increased by increasing the contact sur-
face of brazing.

To achieve the desired strength properties for the
brazing joint, the exact brazing temperature has to be
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Figure 2: Tensile strength of the brazing joint as a function of the
tensile strength of the base metal'

Slika 2: Natezna trdnost spajkanega spoja v odvisnosti od natezne
trdnosti osnovne kovine
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Figure 3: Shear strength of the brazing joints as a function of the
tensile strength of the base metal’

Slika 3: Stnizna trdnost spajkanega spoja v odvisnosti od natezne
trdnosti osnovne kovine
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Figure 4: Relationship between the tensile strength of the brazing joint
and the brazing contact area’

Slika 4: Odvisnost med natezno trdnostjo spajkanega spoja in stiéno
povriino spajkanja

chosen?. If it is too low, the filler metal will not flow, and
will consequently not wet the surface, and thus, fail to
bond the base metal. On the other side, the brazing tem-
perature must not be exceedingly high, as the alloyed
elements in the filler metal might evaporate or undesired
changes of the base metal could take place.

In some cases longer soak time at the brazing tem-
perature after the melting of the filler metal also contrib-
utes to increase the strength properties. In this case, the
diffusion zone is larger that results in higher strength
properties of the joint as long as no brittle intermetallic
phases are formed?® Investigations have shown that even
with small quantities of impurities' in the filler metals,
the mechanical properties are decreased significantly.
The brazing joint becomes brittle because of the forma-
tion of brittle layers between the filler metal and the base
metal,



3 Experimental procedure

Experiments were performed on high temperature
vacuum brazed joints of the HSS W. No. 1.3343 and
M15 (AISI) and the structural carbon steel W. No.
1.1141 (DIN) with simultaneous heat treatment. The
filler metals used in this process were two brazing alloys
manufactured by the Nicrobraz Wall Colmonoy firm
(LM, 30) based on Ni-Cr-Si and water-atomised copper
powder with the required brazing properties, (Table 1).

Table 1: Chemical composition of base metals and filler metals (in
wi%e)
Tabela 1: Kemijska sestava jekel in dodajnih materialov (v ut.%)
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Figure 5: Shear specimens with single and four-fold overlap
Slika 5: StriZna preizkufanca z enkratnim in $tinkratnim preknitjem

M 15 (AISI) WNo. 1.1141 (DIN)

>153 (15287)

\ s 8

Material C _Si_ Mn P S & W Mo V Co

1.3343 0,89 0.35 0,29 00180018 42 63 49 18 -
11141 0,14 0,27 0,32 0,007 0,012 0,1 - - - -
MIS(AISI) 1.5 - . 45 65 35 50 50
LM 7% Cr; 4.5% Si; 3:0% Fe: 2.1% B: max.0,06% C; bal. Ni
30 19% Cr; 10.2% Si; max.0,10% C: bal. Ni

Cu 99 8% Cu

To get a higher strength of the joint or to make the
fixturing of parts to be brazed easier. a lap joint should
be selected. This joint should be designed to obtain the
same stability under load of the joint and of the base
metal. The lap length is then function of the tensile
strength of the base metal and the shearing strength of
the joint:

U="2 ()

where U = length of the lap in mm,

Rm = tensile strength of base metal in Nmm2,
1 = shearing strength of the joint in Nmm2,

t = thickness of base metal in mm.

If. in addition, a safety factor and an impairment of
the joint caused by small brazing errors is taken into ac-
count, then the length of the lap should be 3 to 6 times
the thickness of the base metal. Generally, three times
the base metal is sufficient for metals of low tensile
strength; six times should be used for metals of high ten-
sile strength'.

The but joint is used for thicker parts (t > 2 mm) if a
lap joint is not possible!. In contrast to soldering, the sta-
bility under load of this type of joint is often sufficient
for practical use if the parts are brazed.

Experiments’ were performed on shear specimens
with single and fourfold overlap, (Figure 5). The lamel-
lae from HSS and structural carbon steels were, finely
ground after rough machining. Measurements showed
that the surface roughness Ry = 0.44 pum in the longitudi-
nal direction was equal for both surfaces.

The test specimen with but joint shown in Figure 6
was used for the tensile test.

For the brazing of the shear and tensile test speci-
mens with the but joint the clearance of 80 um was cho-
sen. The brazing temperature was 1120°C for specimens
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Figure 6: Tensile test specimen with but joint
Slika 6: Natezni preizkuianec s Celnim spojem

brazed with the filler metals LM and Cu, and 1160°C for
those brazed with the filler metal 30. After diffusion heat
treatment, the specimens were cooled in nitrogen flow at
the pressure under 5 bar abs, and than double tempered
at 550°C, (Figure 7). The brazing was performed in a
vacuum 5 X 102 mbar. Shear and tensile specimens with
but joints were used for metalographical and mechanical
research.

For the investigation of endurance of brazing joint,
two paper knives with the dimensions of 425x117x10
mm and one knife with the dimension 560x117x10 mm,
were manufactured from HSS W. No. 1.3343 steel and
their bearing parts from the steel W. No. 1.7131 (DIN)
steel, (Figure8). The filler metal marked LM was used
for these knives and considering the knives’ shape, a lap
joint with 80 um clearance was chosen. The brazing tem-
perature was 1190°C. After diffusion heat treatment, the
knives were cooled in a nitrogen flow at a pressure under
S bar abs, followed by double tempering at 540°C, (Fig-
ure 7). The brazing was performed in a vacuum, 5 x 102
mbar.

4 Results and discussion

4.1 Mechanical tests

Next to the required properties of structural carbon
steel and HSS, the most important property is the bond
strength between them. Mechanical tests were performed
on fourteen shear specimens with a single and four-fold
overlap and length of the lap of 2 to 6 times the thickness
of the base metal and three tensile test specimens brazed
with LM and Cu filler metal.

The joint clearance for high temperature vacuum
brazing was among 50-70 pum for the specimens brazed
with fillers LM and 30, and 20-50 um for the specimens
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Figure 7: High temperature brazing with simultancous heat treatment
process model

Slika 7: Model visoko temperaturnega vakuumskega spajkanja z
istotasno toplotno obdelavo

brazed with the copper filler. Data regarding specimens
characteristics and the shear strength obtained by the In-
stron tensile testing machine are summarised in table 2.

Table 2: Specimens characteristics and the shear strength
Tabela 2: Karakteristike preizkulancey in strizne trdnostip rekrovnih
spojev

Sample Filler metal  Overlap  Length of Shear
the lap strength
) Nmm
A/l LM four-fold Ixt > 30
A/2* LM four-fold Ixt 27
A/3 LM four-fold 6xt > 30
Al4* LM four-fold 6x1 18
A/S LM single-fold Ixt > 71
Al6 LM single-fold 2xt > 210
B/l 30 four-fold Ixt > 30
B/2* 30 four-fold Ixt 27
B/3 30 four-fold 6xt >20
B/4 30 single-fold Ixt > 60
Cil Cu four-fold Ixt >32
cn Cu four-fold 6xt > 62
C/3 Cu single-fold Ixt > 66
C/4 Cu single-fold 2xt > 205

* Samples fractured in bond layer; C/1- the middle lamellae
made from W. No. 1.1141, end lamellae made from W.No.
1.3343; C/2 all lamellae made from W.No. 1.3343, because
of gliding in the chucks, there was no destruction of the sam-
ple: C/3- all lamellae made from W. No. 1.1141.

Results in table 2, show that rupture of samples, in
general, appeared in the structural carbon steel and not in
the bond layer, (Figure 9), since the shear strength of
brazed joints was greater than the tensile strength of the
structural carbon steel. The sample where the middle la-
mellae were from the steel W. No. 1.1141, was an excep-
tion since the fracture appeared simultaneously on both
middle lamellae.

The shear strength is dependent upon the overlap
shape and the lap length. The maximal shear strength
was obtained on samples with a single-fold overlap and
with the lap length 2 times the thickness of the base met-
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Figure 8: Paper knives manufactured by high temperature vacuum
brazing with simultaneous heat treatment process to achieve a hardness
of 64 Hrc

Slika 8: NoZa za rezanje papirja izdelana po postopku visoko
temperaturnega vakuumskega spajkanja in istodasno toplotno obdelana
na 64 HR¢

Figure 9: Shear specimens B/1 and C/1 with a four-fold overlap after
the tensile test

Slika 9: Strizna preizkusanca B/1 in C/1 s tinkratnim prekritjem po
trgalnem preizkusu

al. On samples brazed with filler metal LM slightly
higher values were obtained.

After vacuum heat treatment that corresponded to
austenitizig and tempering temperatures for HSS M15
(AISI), the strength of the tensile test specimen with but
joint was a little lower than that for structural carbon
steel. The fractures propagated mostly within the bond
layer and partly also in structural carbon steel and HSS.
By tensile tests, the strength of specimens with but joint
was strongly influenced by defects in the bond layer
(sample C/8%). During tensile tests we did not notice any
elongation or reduction of area on the samples. Results
of tensile tests are presented in table 3.

Table 3: Strength of the tensile test specimen with but joints
Tabela 3: Natezne trdnosti ¢elno spajkanth preizkuiancev

Sample Filler metal R, (Nmm?)  Rn (Nmm?)
A/8 LM 330 445
Ccr Cu 340 475
C/8* Cu 325 345

* defects in the bond layer

After mechanical tests, a metallographical examina-
tion was performed. On the single or four-fold overlap
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Figure 10: Initial microcrack area propagating through the eutectic phase is in the microporous regions, sample A/2
Slika 10: Inicial za nastanck mikrorazpok, ki potekajo po eutekticni fazi, so mikroporozna mesta, preizkudanec A/2

Figure 11: Microstructure of the bond layer in specimen C/7
Slika 11: Mikrostruktura vezne plasti na preizkusancu C/7

specimens, where fractures appeared in the structural
carbon steel, only sporadic microcracks were found in
the bond layer. On specimens with fracture in the bond
layer, areas with microporosity were noticed, without ex-
ception, where microcracks initiated. On specimens
brazed with the fillers LM and 30, the fracture cracks
propagated through the eutectic phase of the bond layer,
(Figure 10).

As mentioned above, the diffusion of carbon from
HSS to structural carbon steel took place; and conse-
quently, the microstructure along the bond layer/struc-
tural carbon steel consisted of pearlite and bainite. On
specimens brazed with copper, cracks appeared at the
bond layer/structural carbon steel, respectively, (Figure
11). Tensile test specimens fractured in this region, as
well. Although carbon is not soluble in copper, the diffu-
sion of carbon from HSS throughout the copper bond
layer 10 structural carbon steel cannot take place, the mi-
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Figure 12: Vickers microhardness on transition from the bond layer to
HSS and structural carbon steel

Slika 12: Potek mikrotrdote HV na prehodu iz vezne plasti v
hitrorezno in konstrukeijsko jeklo
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Figure 13: Fracture through an area of eutectic and austenite phase,
sample A8
Slika 13: Prelom preko eutektika in avstenitne faze, preizkusanec A/8

crostructure along the bond layer/structural carbon steel
consisted of ferrite and bainite with traces of pearlite.

On the paper knife, the microhardness was measured
across the bond layer to HSS and the structural carbon
steel. The diffusion annealing was carried out with the
aim to affect hardness at its transition across the bond
layer and Figure 12 shows the microhardness profile ob-
tained. It shows that the HSS hardness is decreased,
while it is increased in the structural carbon steel.

The morphology of fracture surfaces is very hetero-
geneous. On the specimens brazed with the fillers LM
and 30, it was possible to identify fracture surfaces that
propagated in dendrit’s area from those propagated in the
eutectic phase and in austenite, (Figs 13 and 14)

Ductile fracture on specimens brazed with copper
propagated mostly within bond layer, (Figure 15). Inclu-
sions of copper oxide were found in the dimples.

4.2 Microstructural characterisation

The used filler metals, structural carbon steel and
HSS were examined by optical and scanning electron
microscopy. The microstructure of the W. No., 1.1141
(DIN) structural carbon steel consisted of ferite-pearlite
and bainite with a hardness of 145 HV10. The micro-
structure of the W. No. 1.3343 HSS consisted of a matrix
of tempered martensite containing small carbide precipi-
tates. The size of austenite grains was among 17 and 13
SG depending on the austenitization temperature and the
hardness 64 HRc.

Figure 16 shows the microstructure of the bond layer
between the HSS and the structural carbon steel on hard-
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Figure 14: Fracture surface of the specimen B/2
Slika 14: Prelomna povriina preizkudanca B/2

Figure 15: Fracture surface of the specimen C/7 brazed with Cu
Slika 15: Prelomna povriina preizkusanca C/7 spajkanega s Cu - v
jamicah so vkljucki bakrovega oksida

ened and tempered specimens A/l and B/2. The speci-
mens were brazed with the fillers LM and 30.

In the bond layer polygonal grains formed because of
the diffusion during brazing. The diffusion at the
HSS/bond layer border seams to be quicker; therefore,
more of this phase is found in the bond layer along the
HSS. Along the structural carbon steel/bond layer, the
bond layer was homogenous. The specimen B/2 was ex-
amined by SEM, (Figure 17).
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Figure 16: Microstructure of the high temperature brazed and
simultaneously heat treated joints of HSS and structural carbon steel,
samples A/l and B/2

Slika 16: Mikrostruktura vezne plasti na preizkudancih A/l in B/2

A detailed investigation in EPMA showed that the

larger polygonal grains present along the central line of

the bond layer were a phase solidification grains rich in
Cr. containing also Ni and Si with traces of W, Mo and
V. The smaller grains were carbides, (Figure 18). The in-
termetallic phase was hard. The measured microhardness
was 500-600 HV. The average matrix microhardness was
195 HV.

In the microstructure at the HSS/bond layer border,
the effects of the diffusion processes were clearly notice-
able. In the thin layer of HSS only carbides particles

were noticed., martenzite matrix was transformed be-

Figure 17: SEM micrograph of high temperature brazed joint,
specimen B/2
Slika 17: Mikrostuktura vezne plasti preizkusanca B/2 posneta s SEM

Mn

Figure 18: Distribution elements in the bond layer, sample B/2
Slika 18: Porazdelitev elementov v vezni plasti na preizkudancu B/2

cause of diffusion into austenite. This microstructure was
very similar to that in the bond layer, (Figure 17).

At the bond layer/structural carbon steel border, dif-
fusion of Cr, Ni and Si to structural carbon steel oc-
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curred. The hardened and tempered samples brazed with
filler metal LM and 30 showed along this border a thin
layer rich in carbon, (Figure 16) with microstructure
consisting of a small amount of pearlite and bainite. The
diffusion of carbon was more rapid on the samples
brazed with the filler LM,

The microstructure of W, No, 1.7131 (DIN) structural
carbon steel used for bearing part of paper knives con-
sisted of tempered martensite and bainite. Austenite
grains were coarse, due to the high austenitization tem-
perature. The microstructure of the W. No. 1.3343 HSS
consisted of a matrix of tempered martensite containing
small carbide precipitates and the size of austenite grains
of 14 SG. The microstructure of the bond layer was iden-
tical as in hardened and tempered samples brazed with
filler metal LM.

5 Conclusion

Mechanical tests and metallographic observations
were carried on high temperature vacuum brazed and si-
multaneously heat treated shear specimens with single
and four-fold overlap and tensile test specimens with but
joint. Two Ni-Cr-Si brazed metals as well as copper
served as filler metal. During the heat treatment, rapid
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diffusion processes occurred between the liquid and the
hard phase, especially along the HSS border. By use of
Ni-Cr-Si based filler metal the formation of intermetallic
phases, eutectic phases and carbides in the bond layer,
and a net of eutectic carbides and voids on the austenite
net along the bond layer/HSS border, were observed.

The mechanical properties of the bond layer depend
on specimen design, manufacture and heat treatment
conditions. The bond layer must be as thin and as ho-
mogenous as possible and must shows no porosity or mi-
crocracks. Intermetallic phases and carbides cannot be
eliminated, due to the speed of the diffusion processes,
which are very high on the HSS heat treatment tempera-
ture.
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