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Abstract: The article presents the procedure for qualifying brazing technology in a vacuum furnace
on the example of stainless steel elements joined with copper filler material from the F-No group. 105,
in accordance with the ASME Sec. IX, part QB (ASME Boiler and Pressure Vessel Code. Qualification
Standard for Welding, Brazing and Fusing; Procedures; Welders; Brazers; and Welding, Brazing and
Fusing Operators). The essential variables of the furnace brazing process are discussed in relation to the
requirements of the protocol of qualified POR (Procedure Qualification Record) and BPS (Brazing
Procedure Specification) in accordance with the ASME Sec. IX. The requirements for joints by the
calculation code ASME Sec. VIII div.1 (Rules of Construction of Pressure Vessels), related to the working
temperature of the designed device have also been taken into account. The paper presents examples of
brazed joints made and their properties (strength, fill level of the clearance) obtained on the basis of the
carried out tests. Attention was paid to the technological aspects during the performance of brazed joints
using vacuum furnaces.
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Introduction

One of the welding processes that is widely used in many sectors and industrial branches is brazing,
which is a process that allows joining metals using various types of heat source and brazing filler metal,
whose melting point is lower than the melting point of the basic material [1+3]. As is well known, brazing is
one of the oldest methods of welding apart from mechanical joining. Initially, it was used to combine
materials based on silver and gold, and then with the development of metallurgy to produce other
construction materials, e.g. unalloyed and alloy steels, stainless steels, nickel and its alloys, titanium and its
alloys, and even aluminium. In the initial stage, brazing filler metal were used, which were characterized
by a low melting point. They were lead, tin, gold-copper and silver-copper alloys. Subsequently, filler metal
was modified by adding copper hydrates and organic resins that reduce. This allowed minimizing
oxidation and improving the appearance of the connection. Along with the development of brazing
technology and construction materials, brazing filler metal in terms of chemical composition and form
(rods, foils, pastes, powders) also underwent dynamic development. This made it possible to obtain brazed
joints with high strength parameters and operational properties (e.g. corrosion resistance). In addition to
the properties of the materials to be joined and brazing filler metal, physicochemical phenomena and the
associated mechanisms of joint formation play an important role. The following physicochemical factors
affecting the formation of brazed joints can be distinguished: wettability, flowability, fluidity, diffusion and
mutual solubility of filler components and base material, filler metal crystallization [4,5]. All these elements
have
a significant impact on the mechanisms of creating brazed joints with the required properties. This confirms
the complexity of the brazing process and ranks it in a group of special processes. For this reason, it is
described by many basic variables that must be included at the stage of brazing technology qualification
and are presented in relevant regulations and subject standards [6,7].
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Among many brazing variations (brazing temperature T > 450 °C), brazing in vacuum furnaces can be
distinguished [8+10]. According to EN ISO 4063, the number of this process is 924, and the designation
according to ASME Sex. IX is FB (Furnace Brazing). The beginnings of the use of vacuum brazing are
associated with the aviation industry, where turbine engine components were combined. This allowed to
obtain joints of very good quality and high strength due to the use of high vacuum. This is due to the lack
of oxide inclusions and gas bubbles. The reduction of gas bubbles is due to the minimum amount of gas
present in the brazing atmosphere. The value of vacuum is one of the important factors of this type of
process due to the occurring reactions of oxide dissociation and desorption of gaseous components from the
surface of the materials to be joined. An inadequate vacuum value may lead to the appearance of oxide
deposits on the joined surfaces and other incompatibilities or defects in the joints. For selected construction
materials, it can have the following ranges of values [11]:

1. Carbon, mild and tool steels: min. 1 Pa (102 mbar).
2. Stainless steels: min. 10! Pa (103 mbar).
3. Nickel alloys (heat-resistant): 102 + 10 Pa (10 + 10° mbar).

Another important phenomenon that can occur during the brazing process is the sublimation of
alloying components of the combined materials. To reduce them, the inert gas is introduced into the
furnace working chamber. The amount of gas must be sufficient to ensure that the chamber pressure is
maintained at 50 Pa (0.5 mbar) [11]. The basic parameters of vacuum brazing include: heating speed
(°C/min), brazing temperature and brazing time (°C, min), temperature and time of temperature stops if
used (°C, min), vacuum pressure (mbar) , cooling speed (°C/min), partial pressure of inert gas introduced
into the working chamber (bar) and filling time (min). Vacuum brazing is usually associated with high
temperatures, usually from 927 °C to 1232 °C and no need to use flux in the process [12]. An example of the
process of vacuum brazing is shown in figure 1. Stage 1 — allows solvents or water in a paste or binder to
degass from filler braze metal, restores the quality of the atmosphere, which can deteriorate from the
resulting gases, Stage 2 — in this stage organic substances (not liquids) in the filler metal have enough time
to go into the gas phase and be removed by the furnace pumping system, Stage 3 — temperature
stabilization below the temperature of the brazed material, Stage 4 — holding time at the set temperature,
allows the filler braze metal to melt and fill the joint clearance. Cooling below the solidus temperature of
the brazing filler metal, Stage 5 — additional cycle with holding at a temperature lower than in stage 4,
cooling speed suitable for reducing deformation.
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Fig. 1. Exemplary heating and cooling cycle for furnace brazing [13]

In addition to the main parameters of brazing in the technological cycle, it is necessary to take into
account additional processes, which also play an important role. They are related to the geometry of the
elements to be joined (type of brazed joint), preparation of elements for brazing (surface cleaning,
machining), assembly of elements (preservation of the brazing gap of the appropriate value), application of
additional coatings (e.g. increasing wettability), method of brazing in depending on the type of production
and its form (paste, tape, rod insert, etc.). All of these factors must be properly correlated with brazing
parameters. This allows connections to be made that have the required quality in terms of strength and
performance [14]. In addition, it should be noted that due to the even and controlled heating and cooling of
the joined elements, deformations occurring during the brazing process are minimized, which is an
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undoubted advantage in relation to other welding processes. At the same time, the repeatability of the
process is at a very high level, which also affects the quality of the products obtained.

The mentioned advantages of the vacuum brazing process were quickly noticed by specialists in
welding engineering and companies from sectors related to broadly understood energy. One of the
commonly used devices in the area of heat distribution management are various types of heat exchangers.
The most common heat exchangers in the industry include non-contact heat exchangers from the group of
simple recuperators (fluids are separated by a wall across which heat exchange occurs). These include shell
and tube heat exchangers and plate heat exchangers. The latter achieve twice higher heat transfer
coefficients than shell and tube heat exchangers. For this reason, they are characterized by high efficiency at
compact sizes, which allowed their wide application. Typical applications are heating, cooling, swimming
pool installations, central heating installations and in waste heat systems. They can be used in installations
powered from heating networks, as well as in those using renewable energy sources such as solar collectors
and heat pumps. Exchangers of this type are very often made as brazed. Examples of brazed heat
exchangers from SECESPOL Sp. z o.0. is shown in figure 2.

Fig. 2. Examples of brazed plate heat exchangers from SECESPOL Sp. z 0.0. [15]

Brazed heat exchangers are made of various construction materials, including nickel and its alloys. However,
the most common material group is high-alloy stainless austenitic steels. The amount of literature on welding
steel from this material group is very large. Research is conducted focused on various aspects, including:
the effect of supersaturation temperature on the properties of welded joints [16,17], surfacing technology [18],
tests related to determining the corrosion resistance of welded joints [19] and others. In the case of vacuum
brazing, reports are less numerous, which results from the high degree of complexity of this process and
the know-how of the companies that use this process.

Brazing, like welding and gluing, is included in the group of special processes. In accordance with
applicable standards (e.g. ISO 9001, EN ISO 3834, EN 1090 and others), these processes must be constantly
monitored and supervised at every stage of application. One of the many ways that allows these
requirements to be met is the testing of the welding technology (the so-called qualification) to be used and
the certification of the personnel using the joining process. For this reason, many subject standards and
international and national regulations have been created that regulate these issues. This approach and
behavior allows us to prove that the welding technology used, taking into account the so-called principal
variables, guarantees the achievement of welded or brazed joints that meet specific or assumed acceptance
criteria. These criteria are given in standards, regulations and technical specifications and relate, among
others, to strength properties, metallographic structures, corrosion resistance and others. This allows for the
unification of requirements in the area of applied processes and clearly defines the criteria that must be met.
This, in turn, gives the opportunity to use such technology developed for the production of equipment sold to
various markets in which these requirements apply. European and international standards regarding the
qualification of brazing technology and examination of brazers for this process are as follows: PN-EN 13134:
2004 - Brazing. Procedure approval; PN-EN ISO 13585:2012 — Brazing. Qualification test of brazers and
brazing operators. At the same time, other standards are associated with these standards, among others,
regarding additional materials for brazing according to PN-EN ISO 17672:2010 (Brazing. Filler Metals) and
performing destructive tests according to PN-EN 12797:2002/A1:2005 (Brazing. Destructive testing of
brazed joints) and non-destructive joints according to PN-EN 12799:2003/A1:2005 (Brazing. Non-
destructive examination of brazed joints). These standards apply to various products including pressure
equipment manufactured for the European and international market. Recognition of brazing technology and
certification of personnel performing this type of joints according to the cited standards have been widely
described in the available literature [6,7].
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At present, many companies manufacture their products for markets other than European, e.g. to the USA,
Canada, Mexico and others. In these countries, European and very often international standards do not apply
due to the existence of other own local regulations. This is the case when we manufacture pressure equipment
for the US, Canadian, Mexican and other South American, Asian and African markets. In this case, the
regulations created by the American Society of Mechanical Engineers (ASME) are used. They play a similar
role as the requirements of the pressure directive PED 2014/68/WE. Meeting these requirements makes it
possible for the manufactured devices to flow freely in the area in which they apply. Manufacturers outside
the US and Canada can apply for ASME accreditation since the 1970s. Interestingly, the number of
manufacturers from countries other than the USA and Canada, accredited by ASME and possessing the so-
called stamp holders in 2010 exceeded the number of US companies accredited in accordance with ASME
regulations. This demonstrates the very large potential in this area of activity. ASME has been officially
active since 1880 (Henry R. Worthington, Alexander Lyman Holley and John Edson Sweet, together with
other industrialists and technical innovators gathered in New York for the first time), and the regulations
published since 1914 are constantly developed and updated as their subsequent editions (last edition in
2019). They are created on a voluntary basis by a group of experts and engineers who represent users,
inspection units and producers grouped in different committees. It should be noted that American
manufacturers also ship their products to the European market. This led to the introduction of changes that
harmonize the regulations of ASME Code with the requirements of European standards. An example of
this type of proceedings may be ASME Code, Sec. VIII, Div.2 (regulations for vessels), which in its structure
became similar to the standard EN 13445 (Unfired pressure vessels). The ASME BPVC (Boiler and Pressure
Vessel Code) regulations consist of 12 sections covering various areas of engineering in the broad sense.
Half of them are design requirements that relate to the certification of devices, three are related to design
regulations, and the next three are operational regulations (applicable after installing the devices). The listed
sections are as follows [20]:

1. Construction rules
a) Section I — Power Boilers;
b) Section III - Div.1, Div.2, Div.3 — Nuclear Facility Components;
c) Section IV — Heating Boilers;
d) Section VIII - Div.1, Div.2, Div.3 — Pressure Vessels;
e) Section X — Fiber-Reinforced Plastic Vessels;
f) Section XII — Transport Tanks;
g) Regulations B 31.1 — Power Piping.
2. Other regulations related to construction regulations
a) Section II — Materials: Part A — Ferrous Material Specifications; Part B — Nonferrous Material
Specifications, Part C — Specification for Welding Rods, Electrodes and Filler Metals, Part D —
Properties,
b) Section V — Nondestructive Examination;
c) Section IX — Welding and Brazing Qualification.

As in European and international regulations, all ASME Code regulations contain references to other
standards issued by industry organizations, e.g. AWS, ASTM, ANSI, API, ISO. Importantly, they also
provide the dates of editing selected norms acceptable by ASME. This is of great importance, among others,
in the selection of basic materials that must meet strict criteria, e.g. other requirements for samples
determining the value of elongation. ASME offers a constantly changing portfolio of standards in a wide
range, including for pressure equipment, power plants, elevators, construction equipment, pipelines, nuclear
components and others.

Own research

The purpose of the work is to present guidelines related to the qualification process of vacuum
brazing technology in accordance with the requirements of ASME BPVC, Sec. IX on the example of high-
alloy austenitic stainless steel vacuum brazed joints.

Qualification of vacuum brazing technology for plate heat exchanger components
The subject of the analysis of requirements of the regulations of ASME Sec. IX and ASME Sec. IX div. 1
is a plate heat exchanger, whose constructions are shown in figure 3.
The heat exchanger is a flow and countercurrent device. The heat exchange surface is formed by
corrugated heating plates (Fig. 3) (different geometries) connected in a package by brazing. Appropriate
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shape of the internal space of the exchanger directs the flow of heat exchange fluids into the channels
created by every second heating plate. The shielding plates contain connections for supplying and draining
working fluids [15]. These devices are used in hot utility water systems, in central heating installations,
geothermal and solar heating systems, in heat pump installations, with fireplace and water jacket and others.
Therefore, the materials from which they are made must meet strictly defined criteria with respect to strength
parameters and operating conditions. This heat exchanger is made entirely of 316L austenitic stainless steel.
An example of qualifying brazing technology will be made for heating plates (Fig. 3, element 2). Vacuum
brazing (Furnace Brazing) was used for the joining process using a Seco Warwick furnace, type 60VPT-
4035/36HV. Input data for the design of brazing technology:

e thickness and grade of the heating plate material: t = 0.4 mm, austenitic stainless steel 316L, table I;

P-No. 102 according to table QW/QB-422 in Sec. IX;

e connector type: lap joint (overlap 5.0 mm);

e brazing filler metal form and grade: tape, t =0.12 mm, designation according to SFA 5.8: BCu-3, table [;

e maximum working temperature: 230 °C;

e maximum working pressure: 3 MPa;

e working medium: water, glycol;

e flow position: position A(1), QB-407, QB-461.2.

Fig. 3. Construction of a plate heat exchanger, where: 1 — nozzle, 2 — heating plates of variable geometry (profiled),
3 — flow channel system, 4 — brazed joints [15]

Table I. Properties and chemical composition of materials used for tests

Chemical composition of 316L steel, %wt. in accordance with the certificate 3.1

C Si Mn Ni Cr Mo N S P
0.02 0.36 1.25 10.01 16.64 2.02 0.031 0.0038 0.029

Strength properties of 316L steel in accordance with the certificate 3.1

Rm [MPa] Rpo2 [MPa] Aso [%]
621 295 52

Chemical composition of BCu-3, %wt. in accordance with the certificate 3.1

Cu Bi Pb
99.99443 0.00004 0.00003

The brazing temperature was 1120 °C, the vacuum pressure 1.4 mbar, the gas filling the furnace is
nitrogen at 0.4 bar pressure. The process was carried out in stages by heating with stops to brazing
temperature (90 min), enduring at the set temperature (180 min) and stage cooling (170 min).

Analysis of the regulations of ASME Sec. IX and Sec. VIII div.1

regarding vacuum brazing

Regulations of ASME Sec. IX relate to the qualification of welding technology, brazing, joining plastics
and certification of welders, brazers and operators. The latest edition of 2017 contains 350 pages divided
into relevant parts and annexes (mandatory and optional, numbering B, D, E, F, G, H, ], K, L). The structure
of the regulations distinguishes parts concerning general requirements (marked as QG), welding (marked
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as QW), brazing (marked as QB), and plastic joining (QF). Each part also contains articles (subchapters),
the designation of which is related to a given area of application (the designation is a combination of a
letter and digital abbreviation, e.g. QB-250, regarding the main variables of the brazing process). The
articles provide detailed information for each process and other related variables that are covered by these
provisions. The discussed regulations are very extensive and their detailed description requires separate
publication. For this reason, the rest of the article describes the code elements that are directly related to the
qualification process of furnace brazing. It should also be added that an important element in the
qualification of brazing and welding technologies is to take into account the design rules that result in
additional guidelines for testing and acceptance criteria, e.g. extension of strength tests with additional
samples, performance of impact tests and others. In the case under consideration this is Section VIII, Div.1
(Regulations regarding the construction of pressure vessels). Section IX brazing is described in part QB,
which includes: article XI general requirements for brazing (subchapters from QB-100 to QB-180), article XII
qualification of brazing technology (subchapters from QB-200 to QB-250), article XIII qualification of
brazing personnel (subchapters from QB-300 to QB-350), article XIV data of the brazing process
(subchapters from QB-400 to QB-460). As in the case of European standards, also in this case it is required to
specify the relevant input data that allow defining the variables affecting the process. The basic ones include:
grade of basic material, construction of joints, type, form and grade of brazing filler metal, thickness of
connected elements and other e.g. resulting from operating conditions (temperature, pressure, working
medium). Documenting the brazing process involves creating a Brazing Procedure Specification (BPS) based
on the qualification of the process confirmed by the Procedure Qualification Record described in QB-200.2.
BPS includes and describes variables that are essential and nonessential to a given process and may contain
other additional information that plays an important role in the brazing process. This document can be
changed without the need for a re-qualification process if nonessential variables change and are documented.
In the case of essential variable changes, the process must be reassessed (new or additional PQR) and the
creation of a new BPS. Regulations of ASME Sec. IX cite the example format of the BPS brazing instruction in
subsection QB-482 (optional attachment B) and in subsection QB-483 (optional attachment B) an example of
the PQR form. Both of these formats are only a guide for creating a document. The organization has the
option of editing them to suit your needs, provided that you include the variables given in QB-250 (QB-253
for vacuum brazing). Table II presents the variables that are essential and nonessential for vacuum brazing for
which the qualification procedure was carried out.

Table II. Essential and nonessential variables for furnace brazing acc. to ASME Sec. IX, QB-253

Paragraph provisions

ASME Sec. IX 253.1 Essential variables 253.2 Nonessential variables
QB-402.1 -
QB-402 Base Metal
QB-402.2 -
(QB-403.1 -
(QB-403 Brazing Filler Metal QB-403.2 -
QB-403.3 -
(QB-404 Brazing temperature QB-404.1 -
. QB-406.1 -
QB-406 Brazing Flux, gas, or atmosphere
QB-406.2 -
QB-407 Flow position QB-407.1 -
B-408.2 }
QB-408 Joint design Q -
QB-408.4
(QB-409.1 -
(QB-409 Postbraze Heat Treatment QB-409.2 -
(QB-409.3 -
. QB-410.1
QB-410 Technique -
QB-410.2
QB-4.11 Brazing time - QB-411.1
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It is important that the protocol on qualified brazing technology (PQR) is confirmed by the
manufacturer (the so-called organization). These regulations do not carry out the procedure for qualifying
the brazing technology of an external organization, because it itself must prove and verify the process used
together with the specified variables. This must be supported by appropriate tests, which are carried out on
the basis of appropriate guidelines presented in subsection QB-451. In order for the qualified brazing
technology to be recognized as correct, the obtained test results must meet specific acceptance criteria, e.g.
in relation to strength or metallographic properties.

In addition to the test results, additional drawings and information can be recalled in PQR if they are
relevant to the brazing process used. The regulations allow the execution of the Brazing Technology
Instruction based on one or more PQRs. The developed technical documentation must be available on
request to the Authorized Inspector (AUTHORIZED INSPECTOR - Al) for its review and verification, and
above all for brazers and brazing operators.

The scope of tests and their number depends on the type of brazed joints. They are respectively
presented in the following chapters:

1. Butt joint and a scarf joint: QB-451.1, QB-451.2 (Fig. 4b and 4c).

2. Lap joint: QB-451.3 (Fig. 4a).

3. Rabbet joint: QB-451.4 (Fig. 4d).

4. Workmanship coupons not including joints from points 1 to 3: QB-451.5 (Fig. 4e).

a) d)

‘_h

—

Fig. 4. Types of brazed joints: a) lap, b) butt, c) scarf, d) rabbet, e) workmanship coupons

In the case under consideration, the process will be qualified for lap joints. Guidelines regarding
the scope of qualifications for the thickness of joined elements, type of tests, number of samples and
additional guidelines are presented in Sec. IX, paragraph QB-451.3 (Table III).

Table III. Range of thickness of materials qualified by test and type and number of tests acc. to ASME Sec. IX, QB-
451.3 for lap joints

Thickness T of Test Qualified thickness range Type and number of tests, specimens
Coupon as Brazed for brazed elements made required
[mm] of sheet or pipe [mm] [Note 1]
Tensile test Peel test
T Min. T Max.
[Note 2] [Note 3] and [Note 4]
Less than 3 mm 05T 2T 2 2
From 3 to 10 mm 1.5 2T 2 2
Over 10 mm 5 2T 2 2

Notes:

(1) When materials of a representative geometry and thickness are not available to prepare butt or lap joint test coupons,
workmanship coupons may be prepared and examined per QB-451.5 to establish the range of thickness of base metal
qualified. When this is done, the properties of the joint shall be validated using butt or lap joint test coupons of any thickness.
(2) For specimen dimensions, see Figure QB-462.1(c). For pipe specimens not greater than NPS 3 (DN 75), full section testing
may be substituted; see Figure QB-462.1(e).

(3) For peel specimens, see Figure QB-462.3 for specimen dimensions, and Figure QB-463.1(d) for specimen removal.

(4) Sectioning tests may be substituted for peel tests. For section specimens, see Figure QB-462.4 for specimen dimensions, and
Figure QB-463.1(c) for specimen removal.
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When designing plate heat exchangers, important data is the so-called work parameters. These are
extremely important variables that determine the design and materials used. Such input data include type
of working medium, working pressure and working temperature. In the analyzed case, the operating
temperature was set at 230 °C (information in the input data for technology design). In this case, it is
necessary to take into account the design rules, which are associated not only with the design itself, but also
with additional requirements, among others, with regard to brazing. For the heat exchanger under
consideration, these are the requirements of the provisions of ASME Sec. VIII div.1, paragraphs UB-2 and
UB-12. They refer to the operating temperature in relation to the BCu-3 filler metal and the additional tests
resulting from it. Table IV presents the permissible maximum design temperatures for brazing additional
materials in accordance with UB-2.

Table IV. Maximum design temperatures for brazing filler metal (table UB-2. Sec. VIII div.1)

Column 1 Column 2
Classification of brazing Temperature [°C], below Temperature [° C] at which tests
filler metal material which only tests according according to Sec. IX and additional
to Sec. IX are required research are required

BCuP 150 150+180

BAg 200 200+260

BCuZn 200 200+260

BCu 200 200+340

BAISi 150 150+180

BNi 650 650+815

BAu 430 430+480

BMg 120 120+135

For qualified brazing technology, the requirements of table IV should be taken into account. In the case
of the brazing with the designation BCu-3 and the working temperature (230 °C), it results (column 2
in Table IV) that outside the scope of tests, which is a consequence of the data from Table III (ASME Sec. IX,
QB-451.3) additional tests specified in paragraph UB-12 Sec. VIII div.1 should be performed. This is a tensile
test of brazed joints at design temperature (T) and elevated and calculated according to dependencies 1.05T.
Bearing in mind the presented guidelines, the scope of tests for this vacuum brazing technology is as follows:
1. Visual tests in accordance with the requirements of ASME Sec. V, Article 9 (Visual Examination);
2. Tensile tests according to QB-150:
a) two samples stretched at room temperature;
b) one sample stretched at design temperature, 230 °C;
c) one sample stretched at 1.05T, 242 °C;
3. Sectioning tests that will replace the peel test (Note 4 in Table III) in accordance with the requirements
of QB-180.
Similarly to the EN ISO standards, the ASME regulations also provide a certain degree of recognition
for individual essential variables. According to table III (QB-451.3), the scope of approval for thickness is
T =0.2+0.8 mm, for the lap L > 5.0 mm (QB-408.2), for clearance c¢ <0.12 mm (QB -408.4).

Test results

Visual testing

Visual testing (VT) is mandatory and must be used for all devices that comply with ASME regulations.
All brazed joints made as part of brazing technology qualification are subject to visual examination.
Requirements Art.1, Sec. V "General requirements" refer to VT Visual Tests in accordance with Art. 9, Sec. V
for the requirements of Sec. VIII Div 1. As part of the tests, the surface quality was verified. There was no
discoloration, inclusions of other material or excess filler metal on the surface. No cracks were found in the
base material or brazing joint, pores or other brazing incompatibilities, which meets the requirements of
UB-44 Sec. VIII div.1. After a positive assessment of the test joints made, they were passed on to subsequent
tests.

Tensile test of the brazed joints

Tensile tests of brazed joints are one of the basic tests performed as part of qualifying brazing
technology. In section IX ASME, the test characteristics with relevant references are presented in chapter
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QB-150. Samples were prepared in accordance with the requirements presented in QB-462.1 (c) for lap
joints made of sheet metal (sample dimensions thickness x width x length: 0.39 x 19.0 x 350 mm). The test
procedure is described in QB-152. This point states that the joint subjected to the test must be torn apart
under tensile load. The tensile strength is calculated by dividing the final total load by the smallest cross-
sectional area of the sample measured before the load is applied. Acceptance criteria are adopted in
accordance with QB-153. The minimum values of tensile strength referred to in the process of qualifying
brazing technology are given in QW/QB-422. In item QB-153.1 acceptance criteria for various cases are
given in items a) to d). For the discussed solution and the used P-No 8 material group (single-sign joint) the
acceptance criterion is described in item a). In this case, the tensile strength value obtained should be equal
to the minimum strength for the base material used. For 316L steel according to SA-240 and ambient
temperature (23 °C) it is 485 MPa. For elevated temperatures, the rupture point was adopted as the
acceptance criterion, which means that the strength of the brazed joint at a given temperature is higher than
for the base material. The obtained test results are presented in table V.

Table V. Results of strength tests

Designation Test Tensile strength Acceptance

of the sample temperature ['C] Rm [MPa] criterion Rm [MPa] Rupture place Test result
LUT 01/1 23 670 485 base metals positive
LUT 01/2 23 662 485 base metals positive
LUT 01/3 230 390 rupture place base metals positive
LUT 01/4 242 378 rupture place base metals positive

The obtained test results entitle to state that the brazing parameters used and additional technological
procedures (positioning of elements, clearance, downforce of elements and others) allowed to obtain joints
meeting the assumed acceptance criteria. Thus, in the examined scope they meet the requirements of
the provisions of ASME Sec. IX and Sec. VIII div.1.

Sectioning tests

Sectioning tests are defined in Sec. IX at point QB-180. QB-181 sets out the requirements for sample
preparation for testing. The dimensions of the samples and the place of their collection from the test joints
are presented in QB-462.4. Each sample should be properly prepared by grinding and polishing, and then
examined at a magnification of at least x4. As the acceptance criterion, it was assumed that the sum of the
lengths of the unconnected areas (separately for each side of the sample) must not exceed 20% of the length
of the joint’s overlap. Tests should be performed for each side of the brazed joint. For the test joints made,
the preparation process consisted of the mounting of samples, gradual grinding to 2000 paper gradation,
and then polishing on diamond paste. Samples were not digested due to different physicochemical
properties of the brazed filler metal and the base material. The tests were performed on an OLYMPUS BX52
metallographic microscope. Photographs of metallographic specimens are shown in figure 5.

(b)

Fig. 5. Macroscopic photographs of brazed joints
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Analyzing figures 5a and 5b, it can be concluded that filler metal fills the brazing gap along the entire
length of the overlap (100%). There was no lack of filling in the clearance, pores and gas bubbles, which is
a common imperfection. They result from an improperly prepared surface for brazing (no thorough
cleaning), failure to maintain an even brazing clearance (BCu-3 filler metal is less sensitive to such changes),
uneven pressure of heating plates, changes in vacuum during brazing, contamination of the cooling gas at
the cooling stage. No cracks were identified, which is extremely important from the point of view of fatigue
strength. The obtained results meet the acceptance criterion specified in QB-181, 20% of not filling the

brazing clearance. In this case, the result is considered positive.

The obtained test results authorize the preparation of a report on the qualification of POR of the
brazing technology and Brazing Procedure Specification. An example of BPS made in accordance with the
requirements of ASME Sec. IX based on qualified brazing technology is shown in figure 6.

. . BRAZING PROCEDURE SPECIFICATION (BPS) — ASME, Section IX
Politechnika INSTRUKCJA TECHNOLOGICZNA LUTOWANIA wg ASME, Sekcja IX BPS

Gdanska No. 19 .
BPS qualified on design temperatures 200-230 C

BPS PG P8L/01
Rev. 0
Page/Strona:1/1

Company name/Nazwa firmy: Politechnika Gdariska

BPS No./ \umerwps: BPS PG P8L/01 Revision No./Numer zmiany: 0 Date/Data: 03.03.2019

Supporting PQR No./Numer PQR: B P8L/01 Program name/ Nazwa programu: ==

Brazing process(es)/Proces(y) lutowania: FB — Furnace Braze (lutowanie w piecu) Type/ Typ: Automatic/ Automatyczny

Joint Design (QB-408)/Zcze DETAILS/Szczegoly

Type/Rodzaj: Lap(Zakiadkowe)

Clearances/Szczelina: C < 0,12 mm

Overlap/Zakiadaka: L = 5,0 mm — N .
= Fif 9 = ..\\\‘.\'. AN
T=T>=0,2 mm + 0,8 mm i

BASE METALS (QB-402)/Materialy podstawowe

P-No./P-Ar: 102 | toao | P-Nojp-nr: 102

OR/Lub

Specification type and Specification type and grade:
grade/UNS No.: - to/do | Specyfikacja i gatunek:
Specyfikacja i gatunek:

OR/Lub

Chem. Analysis and Mech. Prop.

Chem. Analysis and Mech. Prop.
Skiad chemiczny | wh. mechaniczne = to/do

Skiad chemiczny i wh. mechaniczne

Thiskness range/Zakres grubosci

Base metal thickness T1 Min.: 0,2 mm Max.: 0,8 mm
Grubosé mat. podstawowego T1 Minimum: Maximum:

Base metal thickness T2 Min.: 0,2 mm Max.: 0,8 mm
Grubosé mat. podstawowego T2 Minimum: Maximum:

BRAZING FILLER METAL (QB-403)/Materiaty dodatk do L

Spec No.(SFA)/
Numer Spec. (SFA) SFA A5.8

AWS No. (Class)/ ¥
Numer Klasyfikaci AWS BCu-3

F-No./F-Nr 105

Size of filler material/

rednica spoiwa 0,12mm

Filler metal product form/

Postaé Spoiwa Strip (Tasma)

BRAZING TEMPERATURE (QB-404)/ Temperatura lutowania

Brazing Temperature Range/Zakres temperatury lutowania: Min.: 1090 degree C (1090°C) Max.: 1120 degree C (1120°C)

BRAZING FLUX, FUEL GAS, OR ATMOSPHERE (QB-406)/ g 2
Topnik, gas lub atmosfera FLOW POSITION (QB-407)/ Pozycje

Flux (AWS Class., Composition, or Trade Name): NA

Furnace Temperature: 1120 degree C (1120°C)
Atmosphere type: Vacuum (Prdznia)

Fuel Gas: NA Position permitted/pozycje dozwolone: Flat
Flow Direction/kierunek plyniecia: Flat Flow

POSTBRAZE HEAT TREATMENT (QB-409)/ Obrébka ciepina po lutowaniu

Temperature Range/Zakres temperatury: NA
Time Range/Zakres czasu: NA

TECHNIQUE (QB-410) and OTHER INFORMATION

Initial cleaning/Czyszczenie wstepne: Cleaned with aceton ( Przemycie acetonem)

Filler metal application/Apiikacja spoiwa: Application Automatic (Nakladanie Automatyczne)

Postbraze Cleaning/Czyszczenie po lutowaniu. =

Typ of flame/Rodaj plomienia: ==

Inspection/nspeckgja: ==
Prepared by/ Date/ Signature/
| Opracowat: GR Data: 03.03.2019 Podpis: GR

Fig. 6. An example of BPS made in accordance with ASME Sec. IX for the case under consideration
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Conclusions

Based on an analysis of ASME Sec. IX and Sec. VIII div. 1 and the results of the tests carried out,

the following conclusions can be drawn:

1.

Analysis of the provisions of ASME Sec. IX and Sec. VIII div. 1 allowed to determine the appropriate
scope of tests, which takes into account the construction and welding requirements. It should be
remembered that in addition to the requirements of ASME Sec. IX regarding welding and brazing, the
design regulations guidelines (ASME Sec. VIII div.1) must always be taken into account. This can lead
to the extension of the scope of required tests.

An important element of designing brazing technology is knowledge of the construction requirements
(joint design, size of the overlap, size of the clearances, direction of flow, etc.) and operating
parameters (temperature, pressure, working medium). This allows for a detailed analysis and
determination of the appropriate test schedule in accordance with the code requirements for the
device in question.

The results of non-destructive examination (VT) and destructive tests (tensile test, sectioning tests) of
brazed joints of the heat exchanger meet the assumed acceptance criteria in accordance with the code
requirements. This allows the preparation of a protocol from Procedure Qualification Record (PQR)
with a positive result and the Brazing Procedure Specification (BPS).

In the case of vacuum brazing, an extremely important role is played by the process of brazing
consisting of stage heating, then withstanding at brazing temperature and stage cooling. The selection
of these parameters must be supported by technological tests that allow the determination of optimal
ranges of essential variables of the process.
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