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A B S T R AC T. In the present work, a
Nd:YAG laser is used in conjunction with
energy-flux concentrators to perform pre-
cision brazing of small tube assemblies.
Polished copper reflectors in the shape of
either a wedge or a cone are used to di-
rect and concentrate infrared laser en-
ergy onto the tube joint and alloy preform
to accomplish the braze. These reflectors
were designed using optical ray-tracing
s o f t ware employing the principles of
nonimaging optics and multiple beam re-
flections to create a tuned waveguide that
can be adapted to a variety of shapes.

The ray-tracing algorithm also calcu-
lates the incident energy flux on the
tubes. This information is used in a finite
difference thermal model to predict pro-
cessing times. Experimental trials and
m e t a l l o g raphic evaluation for bra z e s
made in 304 stainless steel tubing using
Au-18% Ni filler material are presented.
This method and its enabling models are
validated, offering new processing tech-
niques that may be better suited than cur-
rent methods for some applications. Pro-
posed extensions of this work to other
applications are also discussed, includ-
ing a methodology to adapt brazing uti-
lizing nonimaging optical concentration
to complex part geometries.

Introduction

Precision brazing of tube assemblies
is important in a wide variety of manu-
facturing applications for aerospace,

medical and other precision compo-
nents. Furthermore, it is desirable for cer-
tain applications to develop localized
brazing methods that limit the heat input
and do not require the entire assembly to
be raised to an elevated temperature. Fur-
nace brazing is clearly impossible in
s u ch cases, but the process substituted
for furnace brazing must result in equal,
or better, joint quality. Localized brazing
of such components can be problematic
using techniques such as induction heat-
ing on account of the variations in mate-
rial cross section and the overall problem
of small part dimensions (Refs. 1, 2 ).

Laser brazing has been used success-
fully in previous applications for small
precision components (Refs. 3–5), but in
all cases, direct laser illumination wa s
employed. It may not be possible in all
cases to directly irradiate the assembly to
be brazed due to geometric constraints,
so a concentrator concept was deve l-
oped in this present work to ensure uni-
form energy deposition while supplying
incident laser energy from one side only.

Witherell and Ramos (Ref. 4) have noted
that laser brazing through direct illumi-
nation has the following potential disad-
vantages: 

1) For small components, three or
more axis CNC is needed to keep the
beam on the joint, and such positioners
are expensive. 

2) Direct laser illumination can pro-
duce very rapid cooling rates, which, on
one hand, can be advantageous in
achieving stronger joints, but it may also
result in unacceptable ductility loss for
some braze filler materials.

3) Finally, the possibility exists of liq-
uid metal embrittlement/intergra n u l a r
cracking under the rapid thermal cycles
and accompanying high thermal stresses
associated with direct laser illumination,
although the precise conditions under
which such cracking occurs in laser braz-
ing is still not completely understood.

Furthermore, it is the authors’ experi-
ence that direct laser or electron beam il-
lumination may result in asymmetric
heating and cooling within the joint,
t h e r e by producing an unacceptable
range of properties within the joint re-
gion. The present multidirectional illumi-
nation technique can produce spatially
tailored energy distributions that can be
temporally modulated to control cooling
rates. The purpose of this work is to
d e m o n s t rate a new technique that can
rapidly perform precision brazes using
lasers (and potentially other concen-
trated IR heat sources) on a geometry that
would be more difficult to braze using in-
duction methods due to its small size and
the desire to limit the heat-affected re-
gion. Furthermore, an additional objec-
t ive is to create computational models
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that will allow the prediction and opti-
mization of concentrator geometry, part
location and braze thermal cycles so that
this method is extendable to other part
configurations.

Modeling of Energy Flux Using Ray Tracing 

One of the first researchers to analyze
and exploit the principles of nonimaging
optical concentration was Mendenhall,
who in 1911 described the use of a
wedge-shaped optical concentrator (Ref.
6). Many subsequent studies have been
undertaken to apply nonimaging con-
centrators for such applications as solar
collectors, infrared and optical detectors,
and optical pumping (Ref. 7). In this
work, a methodology for the application
of the principles of nonimaging optics
and computational ray tracing to the 
understanding and design of high-
performance laser weld joints (Refs.
8–11) was extended and enhanced for
the prediction and optimization of the
brazing of small-diameter tubing.

Two 3-D models were created using
the OptiCad optical ray-tracing software
package. Two simple energy concentra-
tion devices, a wedge and a cone, were
modeled along with a two-piece bra z e
joint assembly and a heat source, as
shown in Figs. 1 and 2. The size, location
and orientation of each component were
adjustable within the model. The model
also can represent the heat source as ei-
ther a distributed collimated beam or a
localized focused beam of specified di-
vergence and energy. The heat sourc e s
are represented by a distribution of rays,
each carrying a specified amount of en-
ergy that is deposited within the model
upon surfaces that the ray impinges.
These surfaces are made up of an ab-
sorptive feature that records the location

of the ray impingement and amount of
energy deposited and a reflective feature
that redirects the unabsorbed remainder
of energy back into the 3-D model. 

The model employs nonsequential ray
tracing that allows a ray to impact any
surface in any order. As the rays propa-
gate throughout the model, they give up
energy until they lose 99% of their origi-
nal energy and are then terminated. To
obtain an adequate statistical representa-
tion of energy propagation, typically
10,000 rays were traced over a region of
space defined by the distributed heat
source object. The reflective surfaces of
the copper concentrators were defined to
have a reflective coefficient of 98%. No
energy absorption is recorded for the re-
flector walls. The tube sections were de-
fined to possess an energy absorption
value of 35%, typical for Nd:YAG radia-
tion on stainless steel, and, conversely, a
reflective value of 65% (Ref. 12). Energy
impinging upon the tube section can re-
flect back onto the walls and back onto
the tube, allowing multiple absorption
opportunities. Beneath the partially re-
flective walls of the tube geometry lies a
mesh of absorptive detector units, which
record the location and intensity of en-
ergy deposited for all impinging ray s .
Braze preform geometry was not consid-
ered within this model. The effects of
angle-dependent absorption, beam po-
larization and scattering were also not
considered (Ref. 11). Energy output was
d i s p l ayed by graphing the absorptive
mesh data, which is also used to calcu-
late total energy absorption by the tube
and determine the uniformity of tube sur-
face illumination.  

The models were run on a laptop
computer, and the tracing of 10,000 rays
required approximately 2 min of run
time. The total energy input into the sys-

tem was distributed evenly among the
number of rays specified. Variations in
wedge and cone geometry, laser beam
size and location, and tube joint location
were made to develop a qualitative ap-
preciation for the interaction of these pa-
rameters and a quantitative output of en-
ergy absorption verse position of the
braze joint. The use of these ray-tracing
models provided insight and direction for
experimental trials and input of the illu-
mination data into the heat flow models.

Experimental Procedure

The laser and test chamber are shown
in Fig. 3. A Raytheon SS-500, 400-W av-
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Fig. 1 — Model of conical concentra t o r
showing part placement within concentrator.

Fig. 2 — Model of wedge concentrator showing part place-
ment within concentrator. Fig. 3 — Braze processing chamber and its relative position with re-

spect to the laser.



e rage pow e r, pulsed
Nd: YAG laser utiliz-
ing hard optics beam
delivery was used. A
test chamber wa s
constructed using a
sealed stainless steel
box with a 2-in.-di-
ameter quartz glass
w i n d ow. A roughing
pump port and
process atmosphere
inlet allowed the
pump down and
backfill of the cham-
ber to reduce the oxy-
gen and moisture to
acceptable process-
ing levels. Both high-
purity argon and
argon/6% hy d r o g e n
were investigated as
shielding and par-
tially active braze en-
vironments, and most
b raze trials in this
work were performed
using the argon/6%
hydrogen gas mixture
(a commerc i a l l y
available welding
gas). The 304 stain-
less steel tubular sam-
ples were a concen-
tric arrangement of a
0.063-in. (1.6-mm)
OD tube within a
0.125-in. (3.18-mm)
OD tube. The con-

centric joint clearance was approxi-
mately 0.005 in. (0.127 mm). The braze
material was 0.025-in. (0.635-mm) di-
ameter Nioro (Au/18% Ni) wire cut and
formed into rings. Both the tube and rings
were cleaned using alkali cleaner fol-
l owed by deionized water rinsing and
were given a final rinse in high-purity
ethanol immediately prior to assembly
and brazing. The tubular test samples
with bra z e - a l l oy ring preforms were
placed within the energy concentra t o r s
at locations indicated by the preliminary
model results. These were then posi-
tioned beneath the window allowing di-
rect delivery of the laser beam into the
optical concentrator fixture. 

In the case of the conical concentra-
tors, the final focusing lens of the laser
was not used, allowing the roughly 0.4-
in. (10-mm) beam to pass through the
w i n d ow into the concentra t o r. This elim-
inated one degree of freedom from the
system, namely that of laser focal length,
and allowed greater access to the exper-
imental setup. In the case of the wedge-
shaped concentra t o r, a beam aperture
external to the laser cavity was used to
reduce the diameter of the beam in order
to reduce the extent of braze-joint illu-
mination and heating. The para m e t e r s
used to perform these brazes are given in
Table 1. Braze illumination was initi-
ated, observed for braze wetting and
f l ow, then ended. Samples were visually
inspected, He leak ch e cked to ensure
h e r m e t i c i t y, macrophotographed and
m e t a l l o g raphically examined using stan-
dard procedures. 

Thermal Modeling — Prediction of 
Braze Time

The transient thermal response of the
tube assembly was calculated given an
energy flux profile as provided by the ray-
tracing model. A simple thermal model
was constructed, which captured the fol-
lowing physical effects: heat conduction,
flux distribution on the parts to be heated
(assumed axisymmetric and, therefore,
varies only with axial position) and con-
vective cooling of the assembly. Since the
radial flux distributions are assumed to
be uniform around the circumference of
the assembly and the length of the as-
sembly is much greater than its diameter,
a one-dimensional transient heat con-
duction model was chosen. Heat loss due
to convective cooling was accounted for
by using a physically reasonable va l u e
for the Newtonian cooling heat transfer
coefficient, and the resulting mathemati-
cal treatment is essentially identical to
the analysis of a heat exchanger fin (see
Ref. 13 for a detailed background discus-
sion on such problems). The relevant dif-
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Fig. 4 — A — Nonoptimal placement of tube within wedge concen-
trator; B —  optimal placement of tube within wedge concentrator.

Table 1 — Laser and Process Parameters

Parameter Wedge concentrator Conical concentrator

Laser power (avg.) 75 W 75 W
Pulse length 7.2 ms 7.2 ms
Repetition rate 50 pps 50 pps
Beam diameter 10 mm 3 mm
Beam aperture none 0.170 in.
Shield gas Ar-6% H Ar-6% H
Illumination time 30 s 80–100 s

Table 2 — Assumed Thermophysical Properties for the Thermal Model

Quantity Value

κ, Thermal conductivity 0.205 W/cm-°C
ρ, Density 8 g/cm3

C, Heat capacity 0.568 J/g-°C
α, Thermal diffusivity 0.045 cm2/s
A, Cross-sectional area of tube 0.0578 cm2

P,  Outer perimeter of tube 0.997 cm
h,  Convective heat transfer coefficient 0.0015–0.0025

(estimated using data from Refs. 15 and 16) W/cm2-°C
L, Joint length that is heated 0.445 cm

A

B



ferential equation in this case is

(1)
where Q0(x) is the flux over 0 ≤ x ≤ L, and
t ≥ 0; α is the thermal diffusivity; T0 is the
ambient air temperature, k is the thermal
c o n d u c t ivity; A is the cross-sectional
area; h is the Newtonian cooling coeffi-
cient; and P is the outer perimeter of the
tube.

Note it is assumed that convection is
on the outside of the tube and assumed
to be negligible on the inside of the tube.
This equation may be cast into dimen-
sionless form as follows:

(2)
Tliquidus is the liquidus temperature of the
braze alloy. The resulting dimensionless
equation is

(3)
This last equation can be solved numeri-
cally via an unconditionally stable ex-
plicit finite difference scheme. The spe-
cific scheme chosen is the
DuFort-Frankel scheme (Ref. 14). The fi-
nite difference relations and resulting
equation are

(4)
where i and n are the spatial and tempo-
ral indices, respectively. So the equation
becomes

(4a)
As an example of a thermal calcula-

tion, the conical energy flux concentra-
tor is used. The assumed thermal proper-
ties and tube geometry are shown in

Table 2.  For the beam conditions shown
in Table 1 and a tube stickout length of
0.175 in. (4.45 mm), the resulting aver-
age flux on the outside of the tube is 1.19
W/cm2, as calculated by the ray-tracing
algorithm. The average flux impinging on
the exposed end of the tube is substan-
tially higher, namely 120 W/cm2. Using
these values for heat input together with
the total exposed surface area of the joint,
we find the total average power delivered
to the joint is 7.52 W, which is 10% of the
incident beam power. This illustrates an-
other advantage of nonimaging optical
concentration. Although the total power
absorbed by the workpiece is modest
(only 7.52 W), it is directed and concen-
trated at regions of the part that allow for
a successful braze.

For the purposes of this initial calcu-
lation, the flux impinging on the sides of
the tube is ignored since the value im-
pinging on the end is significantly higher.
Taking into account the difference in
areas, this means the total power input to
the tube will be underestimated by 7%.
Furthermore, the thermal effects of the
copper energy flux reflector will not be
taken into account. In practice since
there is some contact between the tube
and the reflector, the reflector will act as
a ‘chill’ that will extract some heat from
the tube assembly. One complicating
factor in the thermal analysis is that the
braze ring is immediately adjacent to the
end of the tube. The gold-alloy braze ring
is a far superior IR reflector compared to
the stainless steel, so its absorption prop-
erties will be different from that of the
base material. As a limiting case, how-

ever, it will first be assumed that all of the
energy reaching the braze ring/tube end
is conducted into the tube. It should also
be noted the changes in surface emissiv-
ity and absorptivity with temperature and
phase change are not explicitly repre-
sented in this simple thermal model, and
the values used are assumed to be aver-
age but representative values. 

Under these assumptions, the calcu-
lations predict the joint should reach the
melting temperature of Au-18%Ni (AMS
4787) in anywhere from 60 to 90 s, de-
pending on the value of the convection
heat transfer coefficient (range of as-
sumed values shown in Table 2). De-
pending on the laser operating parame-
ters, the time to experimentally obtain a
satisfactory braze using the conical con-
centrator was 80–100 s, so the thermal
model does a reasonably good job of pre-
dicting a process window for the brazing
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Fig. 5 — A — Film numbers assigned to circumferential positions of absorptive features in the
part model in the ray-tracing simulation; B — Circumferential energy absorption as a function of
part position.

A

B



time. Further refinements to the model
may result in more accurate predictions.
An example of a highly detailed model
for laser brazing is that of Park and Na
(Ref. 17). This model accounted for non-
linearities such as tempera t u r e - d e p e n-
dent material properties, latent heat ef-
fects due to braze alloy melting and
t e m p e rature-dependent conve c t ive and
radiative heat transfer modes as well.  The
model was implemented using a finite el-
ement scheme and was able to capture
the qualitative and quantitative aspects of
the thermal profiles during the laser braz-
ing of a stud-to-plate joint.

Results

The ray-tracing models proved useful
in visualization of energy impingement
as a function of concentrator geometry,
tube-joint location and energy-sourc e
geometry. Various wedge and cone an-
gles were modeled. Focused and colli-
mated beams of various locations and di-
ameters were also modeled, as well as
the position of the tube joint within the
model. Figure 4A shows a nonoptimized
placement of the tube within the wedge
device allowing the energy flux to con-
centrate below the tube. Figure 4B shows
an optimized placement of the tube
within the energy flux, providing an even
illumination (by direct and reflected rays)
of the tube from all sides as well as max-
imizing energy absorption by the tube. To
gain a more quantitative appreciation for
the ability of the model to predict energy
deposition uniformity, consider the cir-
cumferential energy deposition unifor-
mity as a function of tube position in the
V- b l o ck concentra t o r. Figure 5A
s chematically shows the film number
designations that are assigned to various
c i rcumferential locations of the parts

(large and small tubes) in the model.
These, again, are absorptive features that
record the energy deposition. Figure 5B
shows the dependence of energy absorp-
tion by a given film plane on the height
in inches from the center of the tube
above the bottom of the V-block concen-
trator. Note the model predicts a part lo-
cation of 0.35 in. (8.9 mm) results in the
most even circumferential illumination
pattern. While the optical models proved
useful in optimizing an even illumination
around the joint circumference, they
cannot predict the heat flow and heat
buildup as a function of material mass,
and cannot, therefore, predict bra z e
time. Therefore, experimentation and ad-
ditional analysis, as provided by thermal
heat flow modeling, was required. 

As a result of the knowledge gained
from the models, experiments were per-
formed to prove the concepts proposed
and validate and improve the models.
The experiments proved the validity of
the model’s predictions of even illumina-
tion and energy concentration. The tubes
were observed to heat rapidly and evenly
all the way to brazing temperature within
30 s (wedge) to 100 s (cone) at 75-W in-
cident pow e r. Without the energy con-
centrators, the tube failed to reach braz-
ing temperature irrespective of the
duration of energy input at 75 W. Tube lo-
cation adjustments, vertical within the
cone and longitudinal within the wedge,
were required to compensate for the un-
k n own effects of heat flow. This again
pointed toward the need and value of a
heat flow model. 

Optimized brazes displayed a bright,
smooth, even and continuous fillet
around the circumference of the joint.
Figure 6 shows a macrograph of the sur-
face of a braze made using a wedge-type
c o n c e n t ra t o r. Figure 7 shows a micro-

graph of a braze made with the conical
c o n c e n t ra t o r. The cross section show s
good continuous wetting and capillary
flow within the braze joint with no indi-
cation of overheating or intermetallic
formation. The as-received microstruc-
ture of the tubing showed no alteration or
detrimental effect on grain size due to the
short thermal cycle. No alteration to the
surface of the tubing such as localized
melting or oxidation due to direct beam
impingement was observed.

The simple thermal model presented
in this work effectively predicts the
process braze time well within 15% of
the experimentally determined va l u e .
Further refinements of the thermal model
along the lines of the model presented in
Ref. 17 will improve its predictive capa-
bility, thus making the entire procedure
of designing a braze process using the en-
ergy flux concentrator method ve r y
amenable to analysis. Further testing and
refinement of the model is warranted, but
these results clearly show the usefulness
of the model in optimizing the use of op-
tical concentrators for the application of
small tube brazing. A logical extension of
this methodology is to the application to
joints of other sizes and more complex
geometry. Another extension to this con-
cept would be the use of other heat
s o u rces, such as IR heaters and direct
diode lasers, to reduce the cost, size and
enhance the portability and flexibility of
s u ch a method. Applications could in-
clude the retrofit and in-field or in-posi-
tion repair of brazed assemblies. Lastly, it
should be noted that the tube bra z i n g
technique demonstrated in this work may
a l l ow quality-assured production (final
part quality is determined by i n - s i t u
process control) since the application of
energy is precisely controllable, repeat-
able and predictable. In-process sensors
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Fig. 6 — Macrophotograph of braze fillet. Fig. 7 — Microphotograph of braze fillet and joint clearance.



s u ch as thermocouples can also be
added to ensure adherence to a pre-
scribed thermal profile.

Conclusions 

This work has demonstrated the fol-
lowing: 

1) Nonimaging optics in the form of
energy flux concentrators can be effec-
tively used in precision laser brazing to
achieve uniform, multidirectional illumi-
nation that can be temporally modu-
lated.

2) Nonsequential ray tracing of the
optical system described above can pro-
vide valuable design guidance in the de-
velopment of precision laser bra z i n g
processes. 

3) The output from the ray tra c i n g
code can be used to predict joint tem-
peratures and brazing times. 

4) Lastly, this approach has the poten-
tial of being a quality-assured process be-
cause the key process variables are mea-
s u rable, predictable, controllable and
repeatable.

Future Work

Areas that remain to be investigated
include the extension to more complex
part geometry, the determination of the
optimal concentrator design for a given
part geometry, adaptive feedback control
using thermocouples or other sensors
and the introduction of other IR heat
sources. 

Work is in progress to apply this tech-
nique to various aerospace-tubing appli-
cations using quartz IR heat lamps as heat
s o u rces. Other potential application
areas include other types of precision-
brazed aerospace assemblies, transduc-
ers and medical implants (Ref. 18). Some
devices such as medical implants and
certain transducers may be heat sensitive,
so it is important to consider the issue of
total heat input. 

Although the heat input to the reflec-
tors is somewhat large for the two exam-
ples shown here (2250 J for the wedge re-
flector and 6750 J for the cone reflector),
it is important to realize that not all this
energy is absorbed by the workpiece. In
fact, for the experimental case of the two
tubes brazed in the conical reflector, we
found that only 7.52 W of power was ac-
tually absorbed at the joint region and
therefore conducted into the assembly,
resulting in an effective heat input of only
677 J. This is approximately 10% of the
total incident energy over the 90-s braze
time. Although it may be possible to
achieve lower heat inputs with more con-
centrated heat sources, such as in preci -
sion laser welding, further optimization

of the nonimaging braze process and the
addition of heat sinks and/or cooling gas
can further reduce the total heat input in
order to minimize damage to compo-
nents that may be thermally sensitive.

For complex part geometries, the tun-
ing of the concentrator design to ensure
e ven part illumination can be accom-
plished through an intelligent optimiza-
tion algorithm. The inverse problem of
finding the concentrator geometry that
results in even illumination for a give n
part geometry is converted to a conven-
tional ray - t racing problem within the
context of an optimization problem.
First, the reflector geometry is described
parametrically, with sets of the parame-
ters then comprising individual ‘guesses’
within a genetic algorithm (GA). Th e n ,
the forward ray-tracing program is exe-
cuted within the GA, and the energy de-
position profiles for the part are recorded.
The GA selects among many individuals
and over many generations, eve n t u a l l y
arriving at the concentrator geometry pa-
rameters that result in the most even en-
ergy distribution on the assembly to be
brazed.  
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