
Laser Beam Welding: Thermal Profiles 
and HAZ Hardness 

The good agreement between calculated and experimental 
thermal profiles offers a model for predicting HAZ hardness 

BY E. A. METZBOWER 

ABSTRACT. The thermal profiles in two 
sets of laser beam welding experiments 
on 10-mm-thick BS4360 50D steel plates 
were measured. These plates were instru
mented with thermocouples in the mid-
thickness plane of the three-piece "sand
wich" test pieces. The welds were full 
penetration welds and were made at two 
different laser powers at the test piece 
(4.5 and 9.0 kW) and two different weld
ing speeds (5 and 20 mm/s), respectively. 
The thermocouples were placed at 1, 2, 3, 
4, 5, 6, 7, 9 and 15 mm from the edge of 
the two-plate sandwich, which corre
sponded to the centerline of the weld
ment. The average temperature from the 
thermocouples was compared to the tem
perature calculated from a generalized 
line source model for high energy density 
welding. This model has two adjustable 
parameters that are used to obtain agree
ment between the experimental and cal
culated melt temperature isotherm, i.e., 
the fusion zone boundary. The agreement 
between the experiment and the calcula
tion is good. The results of this model 
were then used to calculate the hardness 
based on the composition of the steel 
plate and the cooling rate from 800° to 
500°C for the points in the fusion, heat-
affected zones as well as the base plate. 
The agreement between the experiment 
and the calculation is quite good. 

Introduction 

Laser beam welding with a continuous-
wave, CO2 laser is a high energy density, 
low heat input process. The result of this 
is a small heat-affected zone (HAZ), which 
cools very rapidly with very little distor
tion, and a high depth-to-width ratio for 
the fusion zone. When the laser beam in
teracts with the workpiece, a hole is drilled 
through the thickness of the material. This 
hole or cavity is filled with a plasma and it 
is surrounded by molten metal. When the 
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laser beam moves along the workpiece, it 
first creates this keyhole, and as it moves 
further along the molten metal solidifies, 
resulting in a fusion zone or weld. The 
plasma is a strong absorber of the laser 
beam energy and will reradiate it in all di
rections, thus, the high energy density of 
the focused laser beam can be lost easily. 
The plasma that is above the surface of 
the workpiece is displaced by a high-
velocity inert gas, usually helium, by means 
of a plasma-suppression device. Conse
quently, high power lasers are capable of 
autogenously welding 25-mm (1-in.) thick 
steel plate in a single pass at welding 
speeds of 15 mm/s and greater. Depend
ing on the laser power, welding speed, 
plasma-suppression device and gas uti
lized, the shape of the fusion zone can 
vary from a slight taper to a large taper to 
a nail head or wine glass configuration. 

Heat f low in laser beam welding was 
initially studied by Swift-Hook and Gick 
(Ref. 1), then by Cline and Anthony (Ref. 
2) and has been reviewed by Mazumder 
(Ref. 3). A range of numerical and analyt
ical models is discussed in this review and 
compared with the size and shape of the 
fusion zone. Both analytical and compu
tational, i.e., finite difference or finite ele
ment, models are covered in this review. 
Chande and Mazumder (Ref. 4) presented 
a moving heat-source model for three-di
mensional heat conduction in the sub
strate during laser materials processing. 
Laser beam radiation penetrating the sub-
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strate was absorbed according to the 
Beer-Lambert law. Dowden, et al. (Ref. 
5-8), in a series of papers, have deduced 
analytical expressions for the heat flow 
under a variety of initial conditions. He 
modeled the flow of heat and the motion 
of the weld pool in laser beam welding 
using a two-dimensional approximation 
and stream functions, the fluid flow in la
ser beam welding, the distribution of 
temperatures in the molten region, and 
the upwelling (elevation or depression of 
the liquid surface) in the liquid region as a 
result of the pressure difference between 
the keyhole and the surrounding molten 
metal. Goldak, et al. (Ref. 9), have devel
oped a finite element model for heat flow 
with a distributed energy source that is 
applicable to high energy density welding. 
The melt temperature isotherm (fusion 
zone boundary) is calculated in the model 
and matched to the experimental results 
by varying the constants in the double el
lipsoid energy source. Ichiko, et al. (Ref. 
10), have broadened the three-dimen
sional laser beam welding model of Ma
zumder and Steen (Ref. 11) to include the 
complicated profile of any high energy 
beam source. Tsai and Kou (Ref. 12) gen
erated a generalized line heat source an
alytical expression for laser beam welding, 
which by adjusting the two parameters 
allows a wide variety of fusion zone 
shapes to be modeled accurately. 

Keyhole formation in both laser and 
electron beam welding has been studied 
by Noller (Ref. 13) and Kristensen (Refs. 
14,15). Noller presented a two-dimen
sional numerical model that calculated 
the steady-state cavity geometry and the 
molten and heat-affected zones during 
electron beam welding. Kristensen calcu
lated the equilibrium conditions between 
vapor pressure and the surface free en
ergy, vapor pressure and temperature, 
and between temperature, heat input, 
and the amount of heat dissipation. The 
model predicts the equilibrium cavity ge
ometry as well as the equilibrium temper
ature and pressure distribution along the 
cavity. 
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Measurements of temperature profiles 
during electron and laser beam welding 
are scarce. Moon and Metzbower (Ref. 
16) implanted thermocouples in a laser 
beam welded plate and measured the 
peak temperatures in the molten metal, 
then compared those with the values 
predicted by a balancing force relation
ship in the keyhole. Metzbower (Ref. 17) 
instrumented plates to be welded with 
thermocouples to measure the tempera
ture profiles at several distances from the 
weld zone, then calculated the efficiency 
of heat f low into the base plate from the 
fusion zone boundary. This efficiency 
value was 50%, which agrees well with the 
48% calculated by Swift-Hook and Gick 
(Ref. 1). 

The calculation of the hardness in the 
HAZ of a laser beam weld has been car
ried out in only a very few cases. Ion, 
Easterling and Ashby (Ref. 18) included 
data for the hardness in the HAZ in their 
report on diagrams of microstructure and 
hardness for HAZ in welds. Merchant, ef 
al. (Ref. 19), extrapolated data from sub
merged arc welding (heat input vs. hard
ness) to calculate the HAZ hardness of a 
laser beam weldment. 

This paper reports on the correlation 
between experimentally measured and 
computer-calculated thermal profiles in a 
10-mm-thick steel, autogenously laser 
beam welded in a single pass. Using the 
calculated thermal profiles, the hardness 
across the HAZ is then calculated and 
compared to measured values. 

Experimental Method 

The laser beam welding experiments 
were carried out at The Welding Institute 
(TWI) (U.K.) on its 5-kW, fast axial flow la
ser, and at the UKAEA Culham Laboratory 
on its 10-kW, transverse flow laser as an 
unstable resonator. The steel was BS4360 
50D, 10 mm thick. The weldment con
sisted of three plates —Fig. 1. One piece 
was half of the weldment and was 
10 X 85 X 220 mm (0.4 X 3.3 X 8.7 in.). 
The other two pieces were the same 
width and length but half the thickness. 

DISTANCE OF y * 
THERMOCOUPLE ^ d 

FROM JOINT PLANE 

Fig-

JOINT TO BE 
WELDED 

1-Schematic of weldment plate configuration. 

SLOTS FOR 
THERMOCOUPLES 

One of these pieces had 2 X 1-mm 
(0.08 X 0.04-in.) slots machined into it. 
These slots held the insulators of the ther
mocouples, which were held in position 
by a capacitor discharge weld at the end 
of the machined slots. The thermocouples 
were placed at the end of the slots which 
ended 1, 2, 3,4, 5, 6,7,9 and 15 mm (0.39, 
0.08, 0.12, 0.16, 0.19, 0.23, 0.27, 0.35, 
0.59 in.) from the edge of the plate. After 
welding, the plates were radiographed 
and the positions of the ends of the ther
mocouples determined. Some changes in 
position were noted. The plates were 
sectioned transverse to the welding direc
tion, and these sections were polished and 
etched. Figure 2 indicates such a section 
and also indicates that the slots did not 
significantly interfere with the heat flow. 
Hardness traverses were made across 
these sections using a Vickers hardness in
denter with a 500-g load. 

Full penetration welds were made at 
TWI at a laser power of 4.5 kW at the 
workpiece and a welding speed of 5 
mm/s. A plasma-suppression device was 
used with a helium gas flow of 1.1 L/min. 
At the Culham Laboratory, the laser power 
was 9 kW with a welding speed of 20 
mm/s (47 in./min). A plasma-suppression 
device with a helium flow of 20-25 L/min 

(9-12 ft3/h) was used to fabricate the full 
penetration weldment. 

The data from the thermocouples were 
digitized and shifted to a time scale where 
zero was the time at which the laser beam 
was at the projection of the thermocou
ple into the weld zone. Several runs were 
made on each laser, and the temperature 
data were averaged for each distance 
from the center of the weld. From this 
data, the efficiency of laser beam welding 
was determined to be 50% (Ref. 17). This 
efficiency is the ratio of the heat required 
to conduct away from the edge of the fu
sion zone in order to achieve the exper
imental thermal profiles to the laser power 
at the workpiece. 

Generalized Line Source Model 

A three-dimensional heat flow model 
during full penetration laser beam welding 
was developed by Tsai and Kou (Ref. 12) 
using an analytical approach. The laser 
beam was treated as a nonuniform line 
source. The deposition of the laser beam 
in the keyhole, described by a modified 
Beer Lambert's law, was used for the line 
source, and an analytical solution was de
rived. The analytical solution was consid
ered general in the sense that it can be re-

Fig. 2 — Cross-section of laser beam weldments indicating shape of fusion zone. A — The Welding Institute; B—Culham Laboratory. 
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duced to simple cases where the deposi
tion of the laser beam power is uniform 
along the keyhole or is described by Beer 
Lambert's law or is even restricted to the 
top surface of the workpiece. 

The differential form of Beer Lambert's 
law is illustrated in Fig. 3A for an energy 
beam passing through an energy-absorb
ing medium. However, if only a certain 
portion of the beam (Part 1) passes through 
the medium, while the remaining portion 
(Part 2) is intercepted by its boundary, 
then as shown in Fig. 3B, Beer Lambert's 
law should be modified as follows: 

dl/dz = <3{ l 0 - f r d z } exp(-/3z) 4-T (1) 

o 

where T is a parameter describing the 
power absorbed by both the boundary 
and the medium ahead of it, per unit 
thickness of the system. The exponential 
term and the r term in Equation 1 corre
spond to the power absorbed per unit 
depth in Parts 1 and 2, respectively. 
Equation 1 can be rewritten as follows for 
constant T: 

-dl/dz = 8(\0 - rg) expMSz) + r (2) 

The analytical solution based on the mod
ified Beer Lambert's law with constant r is 
as follows: 

T* = Q*exp(V*x*) 2 An 

cos(n7rz*)(K0{V{(V* IJ + (n7r)2]r} 

where AQ = 1 and 

An = 
2(1 - T*){1 - (-1)nexp(-/3*)} 

(1 - exp(-/J*)}[1 4- (n7T//3*)2] 

(3) 

(4) 

where <3* = /3g/Q and T* = Tg. 
For purposes of generalization, the fol
lowing dimensionless groups are defined 
and were used: 

x* = x /g , y* = y /g , z* = z /g , r* = r/g 

T* =T - T 0 /T L - To 
q* = q/27rk(TL - T0) 

V* = Vg/2a 

Q* = Q/27rkg(TL - T0) (5) 

g is the thickness of the workpiece, TL is 
the liquidus temperature of the alloy, Q is 
the total power absorbed by the work-
piece, k is the thermal conductivity, T is 
the temperature, a is the thermal diffusiv
ity, q(z) is the power deposited by the line 
source per unit thickness of the work-
piece at z, and r2 = (x2 + y2). Note that /3 
and r are parameters adjusted to corre
late the calculated melt temperature iso
therm to the experimental value. The an
alytical solution does not consider the 
heats of phase transformations or the 
temperature dependence of the thermal 
properties. By using an under-relaxed 
Gauss-Seidel iterative process after the 
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analytical solution, and considering en
thalpy to be the primary variable (Ref. 20), 
both drawbacks were overcome. 

Figure 4 shows the experimental and 
calculated melt temperature isotherms for 
the welding experiments at The Welding 
Institute, whereas Fig. 5 shows a three-di
mensional plot of the calculated melt and 
vapor temperature isotherms. 

Figure 6 shows the experimental and 
calculated melt temperature isotherms for 
the welding experiments at Culham Labo
ratory, whereas Fig. 7 shows a three-
dimensional plot of the calculated melt 
and vapor temperature isotherms. 

Figure 8 shows the experimental and 
calculated temperature profiles at a dis
tance of 2 mm (0.08 in.) from the center-
line of the weld performed with the laser 
at The Welding Institute, whereas Fig. 9 is 
the same type of data but at 5 mm (0.2 in.) 
from the centerline of the weldment. 

Figure 10 shows the experimental and 
calculated temperature profiles at a dis
tance of 1 mm from the centerline of the 
weld performed with the laser at Culham 
Laboratory, whereas Fig. 11 is the same 
type of data but at 2 mm from the center-
line of the weldment. 

Hardness Calculation 

The hardness of a mixed microstructure 
can be calculated if the percentage of the 
constituent microstructures and the hard
ness of each component is known. Ion, 
Easterling and Ashby (Ref. 18) have shown 
that such a calculation compares favor
ably with the experimental values if a first-
order approximation to either the two- or 
three-dimensional Rosenthal solution is 
utilized for the thermal profile at a point in 
the HAZ. The calculation used here fol
lows their technique in that the kinetic 
strength of the thermal cycle is first calcu
lated. However, instead of using the first-
order approximation of the Rosenthal 
equation, the thermal profile, calculated 
from the generalized line source and iter
ated for the temperature dependence of 
the thermal properties, is used. Kinetic 
strength of the thermal cycle is given by I: 

I = a T exp—Q/RTp 

I 

(6) 

BETA = 2400 
GAMMA = 210.0 

4.5 KW 12 IPM 50% 

Fig. 5 — Three-dimensional 
representation of 
calculated melt and 
vaporization temperature 
isotherms corresponding 
to Fig. 4. 
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From the kinetic strength of the thermal 
cycle and a corresponding experimental 
data point (peak temperature and grain 
size), the grain growth across the HAZ and 
into the base plate can be calculated. This 
calculation assumes that the grain growth 
is diffusion controlled, driven by surface 
energy, and requires no nucleation. 
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Fig. 8 — Temperature 
as a function of time 

for a point 2 mm 
from the center 

of the fusion 
zone — squares are 
experimental data, 
circles connected 

with line are 
calculated TWI weld. 

TEMPERATURE-TIME CURVE 
TWI RESULTS 

DISTANCE FROM WELD CENTER 2.0 mm 

LEGEND 
• - EXPERIMENTAL DATA 
0 = THEORETICAL DATA 

0 
- 2 

where g* and T*p are known from exper
iments and go is the initial grain size. 

The volume fraction of the various mi
crostructure constituents (martensite, 
bainite, and ferrite and pearlite) are then 
calculated based on the cooling rate from 
800° to 500°C (1472° to 932°F) and the 
carbon equivalent of the steel. The for
mula for the carbon equivalent of steel 
used in these calculations is the one rec
ommended by the International Institute 
of Welding (Ref. 21): 

Ceq = %C 4- %Mn/6 + 

(%Cr 4- %Mo 4- %V)/5 + 

(%Cu + %Ni)/15 (9) 

The critical cooling rates for martensite 
and bainite given by Imagaki and Sekigu-
chi (Ref. 22) are: 

log(5tM
0.5) = 8.79 C e q - 1.52 (10) 

iog(5tBo,5) = 8.84 Ceq - 0.74 (11) 

where 5t has the units of seconds and Ceq 

is measured in wt-%. The volume fraction 
Vfp of pearlite after a time 5t is given by a 
form of the Johnson-Mehl equation (Ref. 
23): 

Vs 1 - exp-{0.69[5t/6to.5]
2} (12) 

where gto.s is the time required for half the 
transformation to occur. Since the steel 
transforms to a combination of marten
site, bainite and pearlite, we have 

V M 4 - V B = 1 - V f p (13) 

suggesting relationships similar to Equation 
13 for martensite and bainite. The hard
ness of each of the microstructural con
stituents is then calculated based on the 
composition of the steel and the cooling 
rate at 700°C (1292°F). The hardness of 
martensite, bainite and pearlite are taken 
from Blondeau, ef al. (Ref. 24): 

H M = 127 4-949 C 4- 27 Si + 

11 Mn -F8Ni-F 16Q4-21 l o g V (14) 

HB = -3234-185 C4-330 Si-F 

153 Mn 4- 65 Ni 4- 144 Cr+191 Mo 4-

(89 4- 52 C - 55 Si - 22 Mn -

1 0 N i - 2 0 C r - 33 Mo) log V (15) 

H fp = 42 + 223 C + 53 Si + 30 Mn + 

12.6 Ni 4- 7 Cr 4- 19 Mo 4-

( 1 0 - 19 Si -F- 4 Ni 4-

8 Cr 4-130 V) log V (16) 

where V is the cooling rate at 700°C (in 
K/h) and HM, HR and Hfp refer to the Vick
ers hardness (VHN) of martensite, bainite 
and pearlite. The hardness at each point in 
the HAZ is calculated using the rule of 
mixtures: 

H = HMVM 4- HRVB 4- H fpV fp (17) 
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TEMPERATURE-TIME CURVE 
TWI RESULTS 

DISTANCE FROM WELD CENTER 5.0 mm 

LEGEND 
= EXPERIMENTAL DATA 
- THEORETICAL DATA 

TEMPERATURE-TIME CURVE 
CULHAM RESULTS 

DISTANCE FROM WELD CENTER 1.0 mm 

Fig. 9 - Temperature as a function of time for a point 5 mm from the 
center of the fusion zone — squares are experimental data, circles con
nected with line are calculated TWI weld. 
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CULHAM RESULTS 

DISTANCE FROM WELD CENTER 2.0 mm 

LEGEND 
a = EXPERIMENTAL DATA 
a - THEORETICAL DATA 

Fig. 11 — Temperature as a function of time for a point 2 mm from the 
center of the fusion zone — squares are experimental data, circles con
nected with line are calculated Culham weld. 

LEGEND 
» EXPERIMENTAL DATA 
- THEORETICAL DATA 

Fig. 10 - Temperature as a function of time for a point I mm from the 
center of the fusion zone - squares are experimental data, circles con
nected with line are calculated Culham weld. 
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Fig. 12 —Hardness traverse across HAZ—experimental values are the 
squares connected with a line; calculated values are the circles. TWI weld. 
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Fig. 13 —Hardness 
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squares connected 
with a line: 

calculated values are 
the circles. Culham 

weld. 
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Figure 12 is a p lot of hardness f r o m the 
center o f the fusion zone across the HAZ 
and into the base plate f r o m the calcula
t ion , and as measured in the center of a 
w e l d f r o m The We ld ing Institute. Figure 
13 is a presentat ion of the same data but 
fo r a w e l d f r o m Culham Laboratory. 

Discussion 

The exper imental thermal profi les c o m 
pare favorably w i t h the calculated thermal 
profi les. This should no t be surprising, 
since the melt tempera ture isotherm (the 
fusion zone boundary) was uti l ized to de
termine the t w o parameters (beta and 
gamma). Howeve r , the fit b e t w e e n the 
exper imental data and the calculated data 
is significantly bet ter using this approach 
than if the Rosenthal equat ion is uti l ized 
w i t h either tempera ture-dependent or 
temperature- independent thermal physi
cal propert ies (Ref. 25). 

O n c e the calculated thermal profi les 
w e r e ob ta ined, they served as input in the 
calculation of the cool ing rate f r o m 800° 
t o 500°C, the kinetic strength o f the cycle, 
grain g r o w t h in the HAZ, the vo lume frac
t ion of the various microconst i tuents, and 
consequent ly the hardness across the 
HAZ. The correlat ion b e t w e e n exper i 
ment and calculation of the hardness 
across the HAZ was reveal ing, in that the 
correlat ion is qui te g o o d . The calculated 
data d o not indicate a d r o p in hardness 
f r o m one side o f the HAZ to the other . 
This is a result o f only a small change in dt 
across the HAZ. This change in <5t was not 
great enough to decrease the vo lume of 
martensite and increase the amount of 

bainite or ferr i te pearlite. Experimentally, 
the steels d id not react in the same man
ner t o the thermal cycle. The max imum 
hardness in the we ldmen t f r o m Culham 
Laboratory was about 420 H V N , whereas 
the max imum hardness of the we ldmen t 
f r om T W I was about 325 HVN. This 
d i f ference cou ld be the result of the steels 
being f r o m di f ferent heats, and whi le sat
isfying the same specif ications, the plate 
chemistries cou ld be qui te di f ferent . A 
small change in carbon content w o u l d 
significantly alter the hardness. 

Conclusions 
A f e w interesting results came f r o m this 

calculation. The first was that no grain 
g r o w t h was calculated. In the case of the 
steel being w e l d e d , this was later o b 
served experimental ly. The second was 
that the cool ing t ime f r o m 800° t o 5 0 0 ° C 
was o n the order of 3 s. Experimentally, it 
was k n o w n that the cool ing rate was very 
fast but the t ime was unexpectedly short. 
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