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B A PARAMETRIC STUDY OF SURFACE TRANSFORMATION
HARDENING WITH HIGH-POWER LASERS

L G. E. Grotke, G. J. Bruck, J. E. Smith and J. I. Nurminen

Westinghouse R&D Center
Pittsburgh, Pennsylvania 15235

ABSTRACT

High-power, continuous-wave COS lasers were employed in a

parametric study of penetration, cross-sectional area, and hardness

in nine steels that provided a wide range in composition —

content, hardenability, and response to heat treatment,(1018, 4146;)

e —— e

/’.—‘——__-. e
/ 4340, 2-1/4 Cr-1 Mo, HY-100, HY-80, R~11, 1yp and 17-4 PH).
“The test conditions included laser output powers from 5.0 to 12.5 KW

'*.
i
4
[
o~

and travel speeds in the range 20 to 100 ipm which, with the beam
sizes used, resulted in energy densities from 0.52 to 7.01 KJ/€§§§-97 em.

Laser transformation hardening treatment resulted in

WA R

% appreciable hardness in all the steels that had adequate carbon

Q content and good hardenability, (4140, 4340, 2-1/4 Cr-1 Mo, HY-100,

% 31 _,_,———'\‘_J

b HY-80 and H-11). GThe maximum and average hardness produced in these
steels corresponds to martensite contents of 90 to 100 per cent.

; r

‘.i v

3

%

')h

3

t

vii

%
.




Wt AT %% v VS ] 7. & :
3 W R S et WO RN R W A o : ,.Mc.a -.-:.a.-ﬁuﬂ M .»‘9

o % v e v = =

A SALICACIIAN - | ol Iy -

.:..l . 2 P T AR T Y ¥ . d.‘“

gt aaed - e A &




it e 6 il S M S A QAT I ) AL L g T C R L AL AR S e A R e R R

»5&
) 8
A S
A9 _.--_-.
AY
29 O
Y ..-‘_.-

~e
- i
b2 INTRODUCTICN o
~3 T

Laser transformation hardening is a fast, controllable and E

X reproducible method for producing a hardened surface with minimal distortion
.
‘3 that requires little or no finish machining. Quenching liquids are
;" generally not needed, the procedure is environmentally clean, special ':
k ;
’ fixturing is not required, any surface that can be exposed to the beam E
‘;j' may be hardened, and the process is readily adapted to computer f:'_"-:::
;}‘\ numerical control. ':;:'::

T
i‘ For several years, the Westinghouse R&D Center has been Rk

involved in demonstrating the technical feasibility of the laser hardening

_

process and in developing the process parameters for hardening marine

gears of varying pitch and tooth configurations. Parametric studies have

.
a L

RN A
: N s
' N
v,

ot
s

evaluated the effect of laser optics configuration, surface coatings

(Yl

for enhancing beam-coupling efficiency, laser power density, and the

'}

A3 interaction time for hardening the flanks of gear-teeth to obtain a e
A ..-._1
:-3 uniform case thickness. Pinion gears with both spur and helical :.:—::
ko, K
o tooth configurations have been successfully hardened with excellent R
T -‘-7.:
dimensional uniformity. Parameters have been established, using a modified i'

';\' 4340 steel, that will provide a uniform martensitic case from 0.040 to -:::-::
' R
'f_‘i 0.10 inch in depth, that is free from cracks or spalls. The results of the A 1
of* M.

:'; gear hardening program have been extremely encouraging. The process is .::.::
being readied for manufacturing implementation. B é!'
&‘ The present work extends the parametric investigations to determine :::::;
N the influence of laser power density and travel speed on the onset of .-iff;:

::: hardening and melting, the depth of case penetration, and the hardness "‘{.
Y LA

- that may be obtained in several different stef.ls. ="
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MATERIALS AND EXPERIMENTAL PROCEDURE

Laser hardening studies were conducted with nine steels that
provided a wide range in composition, carbon content, hardenability and
response to heat treatment. The identification of the materials, their
initial hardnesses, and other pertinent information is presented in
Table I. The majority of the steels, 1018, 4140, 4340, 2-1/4Cr-1Mo,
HY-100 and HY-80, are in common use and their characteristics are
familjar. Type 422 is a hardenable, 12Cr, corrosion-resistant steel
similar to Type 403 stainless; H-11 is a high-carbon, 5Cr-1.5Mo, hot—workv
die steel; and 17-4 PH is a 17Cr-4Ni-4Cu martensitic stainless, harden-
able only by precipitation. The specified or nominal composition of
each material together with the results of a check analysis for carbon

made at the R&D Center are shown in Table II.

As indicated in Table I, the laser-hardening treatments were
conducted at two locations. The earliest tests were made by R&D Center
personnel at AVCO Everett Metalworking Lasers, Boston, MA, using a 20 KW
AVCO-HPL continuous-wave CO2 laser work station leased for proprietary
laser metalworking activities. Later studies were conducted by the
same personnel using a similar AVCO-HPL laser, capable of 25 KW of power
output, subsequently installed at the Westinghouse Laser Center located

at the Marine Division, Sunnyvale, CA.

The test specimens were 12-inches long and 3-inches wide,
allowing two laser passes to be made on each surface (four passes per
specimen) if the thickness of the material was adequate. In studies of
this sort, when relatively high energy densities are to be employed, a
minimum thickness of 1/2 inch is desirable, though the minimum thickness
that is actually acceptable has not been determined. In three instances,
when heavier stock could not be located, thicknesses under 1/2 inch were

used. Tests of Type 422 stainless were conducted with 3/8 inch thick

LON 2% BN )
I T e )
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specimens. Specimens of HY-100 steel were 5/16 inch thick. Tests conducted

with HY-80 steel involved two specimen thicknesses, 5/8 and 1/4 inch.

Scale was removed from the surfaces of the specimens, usually
by milling or coarse grinding operations noted by "rough machined" in
Table I. Two steels, 4140 and 4340, were tested using both smooth,
surface-ground specimens and rough-machined specimens to determine
whether this difference would influence the beam coupling and hardening
characteristics. All specimens received a spray coat of flat-black
paint (KRYLON 1602) to enhance the beam—coupling efficiency. Measure-
ments of the area of the heat-affected region (including fused metal
if surface melting occurred), the maximum penetration of the heat-
affected region, and the penetration of any fused metal were obtained
from 5X macrographs of the individual sections. Figure 1 shows typical
macrographs obtained from 4340 steel specimens heat treated with 10.0 KW
of laser power in the range 20 to 100 ipm (0.84 to 4.2 cm/sec). No

evidence of cracks or spalls was observed in any of the sectionms.

Tests of Type 422 stainless were conducted with pairs of
specimens, one of which was flooded with nitrogen to'determine whether
the hardness could be enhanced by formation of nitrides. The procedure
did not produce a detectable change in the hardngss or any other character-
istic. Data for these pairs of specimens have simply been treated as

duplicate runms.




TEST PARAMETERS AND RESULTS

The laser hardening parameters and the results of penetration,
area, and hardness measurements are summarized in Tables III through
XIII. Each table shows a laser power level {either 5.0, 7.5, 10.0,
or 12.5 KW) for laser output and a lower value indicating the power at the
specimen surface after transmission losses. Throughout this report
the higher value (aero window power) is used to identify each power
level employed even though the calculated power densities and energy
densities are based on power at the specimen surface.

Tests at AVCO used output powers in the range 7.5 to 12.5 KW
and travel speeds from 20 to 60 ipm (0.84 to 2.52 cm/sec). At the
Westinghouse Laser Center, the power outputs ranged from 5.0 to 12.5 KW;
speeds from 20 to 100 ipm (0.84 to 4.2 cm/sec). A summary of the
test parameters and the number of specimens of each steel that were
employed is presented in Table XIV. Inspection of this table reveals
that tests at the Westinghouse Laser Center, with the exception of
tests of 17-4 PH, involved a wider range of energy densities* which,
as will be discussed, spanned from densities that were insufficient
to cause hardening to those that resulted in significant surface melting.
In tests at AVCO, the high-side energy densities were sufficient to
cause melting, but, at the low end, did not permit determination of the
minimum energy density necessary to initiate hardening. The energy

density range was sufficient, however, to yield useful information.

power to work
beam area

*—
E, Energy density = X interaction time

where: The interaction time 1s a measure of the dwell time of beam
impingement on a given region,
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This work employed an integrated-beam optics system which

£

A

produces a beam of square configuration, on the work surface, that can

be optically adjusted to the required size. The incoming laser beam

to the work station is reflected from a multi-faceted concave mirror

and broken up into a multiplicity of mini-beams that are then reimaged

by a spherical, concave mirror and superimposed (integrated) upon

each other to produce the square configuration, with essentially

uniform power density, on the work surface. The sections shown in

Fig. 1 1llustrate the uniform penetration obtained with a 1.91 cm

square integrated beam at travel speeds as slow as 40 ipm (1.68 cm/sec).
The dimensions of the integrated beam used at the two

locations was slightly different. The integrated beam size used at

the Westinghouse Laser Center was 1.91 cm (0.752 in.) square. In

tests conducted at AVCO the beam was slightly smaller, 1.78 cm (0.701 in.)

square, resulting in roughly a 7 per cent increase in energy density

under otherwise identical conditions. The difference in beam sizes

is also responsible for the different interaction times, for

identical travel speeds, shown in Table XIV.




EXAMPLES OF ENERGY DENSITY CALCULATIONS

Tests at AVCO Everett

¥
Lo
V\ﬁ The integrated beam used at AVCO was 1.78 cm (0.701 in) square and
f:} the beam transmission system employed four copper mirrors, each introducing
iy a power loss of 2 per cent, resulting in a transfer efficiency of 84 per

’ cent.*
1::: Conditions: Laser powér output 7.5KW
AN Transfer Efficiency 84%
.2 Beam Size 1.78 c¢m (0.701 in) square

fﬁ Travel Speed 0.84 cm/sec (20 ipm)
. Power to Work = Laser output x Transfer Efficiency
ihx =7.5 KW x 0.84
»‘5: = 6.3 KW
B hy!

i Power Density = Power to Work 6.3 KW 2
i y =

s Beam Area (1.78)2 cm 2 = 1.99 Kil/cm

~

p Interaction Time = Length of Integrated Beam _ 1.78 cm = 2.12 sec
%v Travel Speed 0.84 cm/sec :
e _
f§ E, Energy Density = Power Dens}ty X Interaction Time

= 1,99 KW/cem, x 2.12 sec
§$3 4.22 KJ/cm
¥$ Tests at Westinghouse Laser Center
N
%f' Conditions as given above except for a 1.91 cm (0.751 in) square
beam. The power delivered to the work remains unchanged at 6.3 KW
a3
3 Power Density = 6.3 sz 2 =1.73 KW/cm2
:‘ (1.91)° cm
e
Ny Interaction Time = 1.91 cm
= = 2,27 sec

— 0.84 cm/sec

~ = 2
33 E, Energy Density, = 1.73 KW/cm, x 2.27 sec
NN = 3.93 KJ/cm

T
————

~

- *Subsequent test at the WLC using a water-cooled calorimeter confirmed
o the 847% figure.
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PENETRATION

it

Effect of Surface Condition

2 gt

Ty

In all instances, the steels involved in this study were

s

&
R
LA

tested with specimens having rough-machined surfaces. Tests of 4140

and 4340 steels were also conducted, at laser powers of 7.5 and 10.0KW,

*
7ot

with surface-ground specimens to determine if the beam coupling would
be affected and the hardening characteristics would be altered. Figures

2 and 3 for 4140 and 4340 steels, respectively, show the total pene-

508

fooY

tration obtained in these steels as a function of E, the energy density.
Solid points indicate data obtained with ground specimens; open points

the data for rough specimens. The comparisons employed specimens that

were identical in both width and thickness.

It is apparent in both figures that the data show little

.
hi:i scatter and conform to best-fit lines with closely matching slopes and
\”‘1 intercepts, indicating that the penetration is insensitive to the
t#{* surface conditions used. Consequently, the data for rough-machined
?f"‘ and surface-ground specimens (4140 Codes BX and BY; 4340 Codes CX and
# ? CY) have been combined in the data presented later.

N

i
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General Influence of Energy Density on Penetration
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Curves showing the total penetration of the heat-affected
region and the penetration of the fused region, if melting occurred,
are presented in Figs. 4 through 12. Each figure provides the equation
for the penetration and a critical value for the energy density above
which there is the risk of encountering surface melting. The penetration
of the heat-affected zone corresponding to the critical energy density
is also shown. The pertinent data from Figs. 4 through 12 are

summarized in Table XV.

Though curves of the type shown in Figs. 4 through 12 provide
sufficient information to permit selection of operating parameters
(particularly when the data are limited), there are some restrictions
on their use which should be recognized. The energy density is the
product of a power density and an interaction time determined by the
speed of travel. Two conditions that will result in the same energy
density, one obtained by using a low power density operating for a very
long time, the other obtained by using a high power density and a brief
interaction time, will not result in similar penetrations. The results
for 1018, 4140 and 4340 steels provide examples. In these three cases,
as is shown in Table XIV, a large number of specimens were tested, four
levels of power density were employed, and the travel speed range was
wide, 20 to IOOIipm (0.84 to 4.2 cm/sec). The data for these three
steels have been replotted in Figs. 13, 14 and 15 with some changes:

o The penetrations for specimens that showed surface melting

have not been included.

o Best-fit lines for the various laser powers employed

(different power densities) are shown separately.

o Some zero-penetration data points have been included.

These points, for the highest energy density conditions

L

@ )
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that did not result in formation of a heat-affected
Ff( region, were not used in the linear-regression calculations.
All three figures show similar shift in slope and decrease
Y
;éb in intercept with reduced laser power, illustrating that at low energy
o densities deeper penetration is obtained with high power/short inter-
'i:: action time conditions. The various power densities and travel speeds
_ Q employed in tests of these steels permits a comparison of the penetration
<

o2y at essentially constant energy density (about 1.3 KJ/cmz) at all four
levels of laser power, see Table XVI. At this energy density, the
average penetrations for the 5.0, 7.5, 10.0 and 12.5KW power levels are,
respectively, 0, 13, 32 and 36 mils (0, 0.33, 0.81 and 0.91 mm). This
behavior could introduce complications if an operator, knowing only the
penetration/energy density relationship for a single power level, should
change to another power level (at constant energy density) that is much

different from the first. As the data show, the difference in

penetration between operation at 12.5 KW and at 10.0 KW is negligible.
However, a change from operation at 12.5 KW to 7.5 KW (with compensating

': speed reduction to hold the same energy density) would reduce the depth
'Ei of penetration to about one third. Use of a 5.0 KW beam would not
HY result in a hardened region.

. Figures 13, 14 and 15 reveal another feature of the penetration/ -
“Ej energy density relationship. The onset of surface melting is also influenced ::
$£8 by the power density employed. At higher energy densities, deeper, :E
é o melt-free penetration can be obtained by using low power-density v

A
¥

conditions. Figure 13, for 1018 steel, indicates the critical energy
density (obtained from Fig. 4) of 2.6 KJ/cm2 for the initiation of
melting. This figure also shows that the lowest energy density to

3 P

actually cause melting in 1018 steel specimens was 3.27 KJ/cm2 with

o 12.5 KW conditions, and 3.49 KJ/cm2 under 10.0 KW conditions. Melting
Y

.'}5 would be expected to occur in these specimens since the critical energy
CA

density was exceeded. However, surface melting would also be anticipated

AR

for the 7.5 KW specimen run at an energy density of 3.93 KJ/cmz; about
1.4 KJ/cm2 higher than the critical energy density. Instead, this

i

k.«

particular specimen was melt-free and exhibited the greatest penetration

of any in the 1018 steel series. It is interesting to note that the
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lowest energy density that resulted in melting in a 12.5KW specimen
was 3.27 KJ/cmz. The lowest energy density producing melting in a
10.0KW specimen was higher, 3.49 KJ/cmZ. The lowest energy density
that will produce melting under 7.5KW conditions is unknown but higher

still; exceeding 3.93 KJ/cmz.

The observation for 1018 steel, that melting is initiated at
lower energy densities under high power conditions, is also evident in
Fig. 14, which presents data for 4140 steel. 1In this instance, however,
melting did occur in a duplicate 7.5KW specimen tested at an energy
density of 3.93 KJ/cmz. The lowest energy density values to produce
melting for the 12.5, 10.0 and 7.5KW conditions are 3.27, 3.49 and
3.93 KJ/cmz, respectively.

Figure 15, data for 4340 steel, supports the same trend, but
only partially. Melting did not occur in either 7.5KW, 4340 steel
specimen tested at an energy density of 3.93 KJ/cmz; well above the
critical energy density indicated by Fig. 6. Melting in a 10.0KW
specimen occurred, as would be expected, at a lower energy density,
3.49 KJ/cmz. In this instance, however, melting was not detected in
the 12.5KW specimen tested at 3.27 KJ/cmz, but occurred at the next
higher test level, 4.36 KJ/cmz; off-scale in Fig. 15. It is evident,
then, that the penetration/energy density relationships for materials
tested over a wide range of energy densities appears somewhat as shown
schematically in Fig. 16, which illustrates how the use of high power
conditions shift both the initiation of penetration and the initiation

of melting to lower energy densities.

The plotted data for 1018, 4140, and 4340 does not include
points for melted specimens. A similar treatment cannot be used for
the other materials that were less extensively investigated. Thercfore,
snolid, melted-specimen points have been shown in Figs. 17 through 22.
These figures illustrate the influence of laser power on the penetration/
energy density relationship for 2-1/4 Cr-1 Mo, HY-100, HY-80, H-11,
Type 422 and 17-4PH steel. If we ignore, for the present, the data for
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HY-100 and HY-80 steel that includes some tests with thin specimens

and Fig. 21 for Type 422 that was examined at a single power level, the
balance show the same trend observed previously. With some exceptions,
a decrease in laser power leads to an increase in slope and a decrease

in intercept.

The penetration equations for all the materials are summarized
in Table XVII which presents the equations for 1018, 4140 and 4340 steel
in two forms; with and without consideration of specimens that exhibited
melting. It can be seen by comparing the data for higher laser powers
that omitting the melted-specimen points resulted in a slight increase

in slope (an indication of greater penetrations than when melted-

specimen data are considered).
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ﬁﬂ‘ Effect of Specimen Thickness

o]

Tests of both HY-100 steel and HY-80 steel were conducted,

. either totally or in part, with specimens that were thinner than desired.

_gg The possibility that these specimens might not provide adequate heat

2N
by transmission was recognized.
iég All of the HY-100 specimens were 5/16 inch (7.9 mm) thick.
? All of the HY-80 steel specimens tested at 10.0 KW and three of those

L8
,¢N: tested at 7.5 KW (at the lowest travel speeds) were only 1/4-inch

%

wy (6.4 mm) thick. The remainder of the HY-80 specimens; five tested at

;} 12.5 KW and two tested at the highest speeds at 7.5 KW, were 5/8-inch
::§ (15.9 mm) thick.

i\? Inspection of Table XVII reveals that the slopes of the
> penetration equations for thin-section HY-100 and HY-80 steel are
,:4 high, indicating deeper penetration in these steels with increasing
3*: energy density than in the other ferritic materials. In fact, the
< slopes for 5/16-inch-thick HY-100 steel at 12.5 and 10.0 KW appear

to match best with the slopes for martensitic 17-4 PH steel which,

!{ as a consequence of its high alloy content, has a thermal conductivity
33 of the same order as austenitic Type 304 stainless steel and would
A be expected to exhibit deeper penetration under any given conditions.
ey Since the thermal properties of low-alloy ferritic steels
'it are similar, the data in Table XVII have been used to compare the
Lit depth of penetration in the HY steels with the penetration predicted
o in 1018, 4140, 4340 and 2-1/4 Cr-1 Mo steel, see Table XVIII. The
tf calculations are based on energy densities of 1.0 and 6.0 KJ/em? at
:S power levels of 7.5, 10.0 and 12.5 KW. For consistency, the equations
"
:% used are those that included melted-specimen data. Boxed values in
¥, Table XVIII direct attention to the unusually deep penetration
Vo
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) predicted for HY-100 and HY-80 steel in the instances where thin gi.
w}ﬁ specimens were employed. The difference is most noticeable :Se
,EQ at the higher energy density and at the lower energy density at Sk'
5 {- power levels of 7.5 and 10.0 KW. Under 12.5 KW conditions, the -
64 calculated penetration for HY-100 steel is negative and the value %?b
Jé for HY-80 1s also low. These values are a result of the displacement E:
4 of the penetration curves which include erroneously high values E:E
A A at higher energy densities. ot
ﬁﬁ; Figures 23, 24, and 25, for tests at 7.5, 10.0 and 12.5 KW, jf‘
Aoy respectively, show the general scatterband for the low-alloy B
&2,; ferritic steels and the individual curves for HY-100 and HY-80. ;&
>t,‘ Excessive penetration in 5/16-inch-thick HY-100 steel shows that i}
';;i these data are not representative of the thicker sections. The i:i
4§: data for HY-80 steel at 12.5 KW using 5/8-inch-thick specimens is E:
“:3 in acceptable agreement with the general scatterband. However, ;t

5

»

the balance of the HY-80 results, obtained totally or partially

}Qj with 1/4-inch-thick specimens are also not representative of thick- 5;
?E? section behavior. ;:
ﬁ;: Type 422 stainless was investigated with 3/8-inch-thick ;;
" specimens at one laser power, 10.0 KW. The thermal conductivity $:
;ﬁ; of Type 422 (13 Cr-1 Mo) is unknown but it should not differ it
::.1 significantly from the thermal conductivity of 12 Cr, Type 410 %:
2 stainless which is about 200 BTU/ftZ/hr/in/°F; in turn, similar ;E
;gl to the thermal conductivity of H-11 die steel. If the data obtained fl
;:% with Type 422 specimens were not influenced by their thickness, the ?}
;-ﬁj penetration should be similar to the penetration observed in H-11 :&
;{: steel and less than the penetration observed in low-conductivity E;
— 17-4 PH specimens. The table below compares the penetration in éf
»E:H 10.0 KW tests for the three materials at energy densities of 1.0 5;
o and 6.0 KJ/cm?.
.'-::.: jt;.
iii )
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Laser Approximate Penetration (mm) at the
Power, Thickness, Thermal Conductivity, Energy Density Shown
Steel KW in. BTU/ft2/hr/in/°F 1.0 KJ/cmZ 6.0 KJ/cm2
17-4 PH 10.0 1/2 160 1.11 7.06
Type 422 10.0 3/8 200 0.49 3.19
H-11 10.0 7/8 200 0.44 3.79

It appears that the data obtained with 3/8-inch-thick Type 422

stainless, at a laser power of 10.0 KW, 1is representative of the

penetration in thicker sections.

a

P T I
'~¢'~-

£ W 0

J'VP
.

14

v s
.

~jcw -~ WY »
.;‘:‘l.’ L
’
"

a .
'y &

o S
y



o G R S AL A S AL N L (VA L o L) 4O SRS E AR LA Bl Sl M Sl S e i e e X R R R

%

(N

X!

Y

Lyl

-_:Z
E

4
*
LY

:::f

;: HEAT-AFFECTED AREA
;s Area and Energy Density

&

o The area*/energy density relationships for the various

- materials, showing the individual effect of different levels of

« laser power, are presented in Figs. 26 through 34. An analysis of the
;: data obtained with both rough-machined and surface-ground specimens
. of 4140 steel (Codes BX and BY) and 4340 steel (Codes CX and CY) has
7: shown that the areas (like penetrations) are not influenced by these
o surface conditions. Therefore, Fig. 26 for 4140 steel, and Fig. 27

>

{ for 4340 steel, include data points for both types of specimens.

]

- Inspection of these figures (excluding those for HY-100

and HY-80 that involve thin specimens) shows that the area data also

o conforms to the general pattern for the penetration data shown

:: schematically in Fig. 16. Significant differences in area are observed,
;j at constant energy density, at least at the low end of the energy

' density range. The area equations for the various steels, at each

fJ level of laser power, are summarized in Table XIX.
b
XS Effect of Specimen Thickness

< The equations in Table XIX provide another opportunity to
}i check the validity of the data obtained with thin specimens of HY-100
:; and HY-80 steel. The slopes of the equations for conditions involving
~
.
7,
o *Heat-affected area includes fused metal in those instances
.2 where surface melting occurred.
@
o
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thin sections (boxed values) may again be seen to be appreciably

higher than the slopes for the other conventional steels indicating that
the heat-affected areas at higher energy densities are unusually large.
Table XX provides a comparison of the areas for the conventional steels
and the HY steels at three levels of laser power, calculated as

before at energy densities of 1.0 and 6.0 KJ/cmz. Boxed values
illustrate the significantly increased penetrations indicated for

the thin-specimen tests. Scatterband comparisons for the conventional
steels and the individual lines for HY-100 and HY-80 steel at power levels
of 7.5, 10.0 and 12.5 KW are provided in Figs. 35, 36 and 37,
respectively. Inspection shows that only the data for HY-80 obtained
with 5/8-inch thick specimens at 12.5 KW can be considered to be
typical of thick-section behavior.

The calculated penetrations, under 10.0 KW conditions, at
energy densities of 1.0 and 6.0 KJ/cm2 for 3/8-inch thick Type 422

stainless and thicker-section H-11 and 17-4 PH steel are compared

below:
Laser Approximate Area (mmz) at the
Power, Thickness, Thermal Conductivity Energy Density Shown
Steel KW in. BTU/ft2/hr/in/°F 1.0 KJ/ecm2 6.0 KJ/cm?
17-4 PH 10.0 1/2 160 16.8 90.3
Type 422 10.0 3/8 200 9.2 54.7
H-11 - 10.0 7/8 200 18.2 80.3

The heat-affected area developed in Type 422 is, as it should
be, smaller than the area predicted for the lower conductivity material,
17-4 PH; indicating that the 3/8-inch specimens were adequate. In
contrast to the penetration data, the areas predicted for similar-
conductivity H-11l and Type 422 do not agree. However, their relationship
confirms an assumption that the data obtained with 3/8~inch thick

Type 422 is valid for thicker sections.
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HARDNESS

Hardening requires that the material immediately below the
surface of the specimen be heated to a temperature where it will transform
to austenite and then cool at a rate fast enough to result in complete,

or at least substantial, transformation to martensite. The potential

~or
o
., "-

for formation of martensite under any given cooling condition is

Cetar
R el
27
)

B AN

determined by the hardenability of the steel. The hardness obtainable

in martensite is primarily determined by the carbon content.

If specimens having adequate carbon and alloy content are
traversed by a laser beam over a range of decreasing travel speeds, so
that the heat input is continually increased, the hardness/energy
density relationship will be similar to that shown schematically

in Fig. 38. There are four characteristic regions:

Region A: Fast travel speeds result in brief thermal excursions
with low heat input. The peak temperatures attained are
insufficient for transformation. Hardening cannot occur.
Depending on the prior thermal/mechanical history of the
steel, however, some reduction in hardness may occur
when the peak temperatures approach ACl'

Region B: In this region the heat inputs will result in peak

temperatures between A_,. and AC The microstructure

Cl 3
will be partially reaustenitized. A significant increase
in hardness cannot occur until the peak temperatures

are high enough to cause nearly complete transformation

to austenite.
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Region C: In region C the steel will experience thermal excursions
with peak temperatures above the Acj3, and will be fully
austenitic. Higher heat inputs will lead to high peak
temperatures causing grain growth and solution of the
less refractory carbides, thereby increasing the local
hardenability. Over most of the range of peak temperatures
the cooling rates will be fast. The steel will quench
to form martensite. At the highest energy densities
(longest interaction times) some reduction in hardness

may be observed. The reduction could result from:
1. A slower rate of cooling and formation of

transformation products other than martensite.
2. Increased decarburization.

3. Both

Region D: Heat inputs sufficient to cause melting.

Maximum and Average Hardness in Ferritic Steels

The surface hardness/energy density relationships for the
ferritic steels (4140, 4340, 1018, 2-1/4 Cr-1 Mo, HY-100 and HY-80)
are presented in Figs. 39 through 45. Inspection will show that,
under the proper conditions, appreciable hardening was obtained.
Table XXI summarizes the data for all the steels, showing the maximum
hardness, the carbon content, the hardness anticipated at each carbon
level in specimens quenched to form various amounts of martensite
between 100 and 50%, and the calculated hardenability (Ideal Diameter)*
of each composition based on bainitic factors given by Hollomon and

Jaffe.(l)

*The Ideal Diameters are approximate. The carbon content of the various

steels was determined by analysis. The balance of the calculations were

based on nominal compositions and an assumed grain size of ASTM #7. The
values given will suffice for comparison. Those for 1018, 4140 and 4340

steel are in good agreement with other values given in the literature.
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Comparison of the predicted hardness values and the maximum
hardness measured in any specimen reveals that, with the exception
of the plain-carbon 1018 steel, the maximum hardnesses correspond to
martensite contents of 90%Z or more. Actually, the 90% martensite

value may be somewhat low, since it pertains to the HY-80 steel tested

at a thickness of 1/4 inch. This material had a higher carbon content

than the 5/8-inch thick HY-80 steel. Under equivalent conditions,
somewhat greater hardness would be anticipated in the thin-section
material. Instead it was lower. It is probable, therefore, that the
quench rate for the thin specimens was somewhat slow. The average
hardnesses obtainable by laser treatment are presented in Table XXII.
The values were obtained by inspecting Figs. 39 through 45 and isolating
the points that appear to correspond to region'C" in the schematic,
Fig. 38; energy densities sufficient to fully reaustenitize, but

not sufficient to melt. Again, (with the exception of the low-
hardenability 1018 steel) the hardnesses are high, with indicated
martensite levels of 90% or more, if we dismiss the suspiciously low

value for the thin-section HY-80 steel.
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Effect of Specimen Thickness

It is apparent from the data in Tables XXI and XXII that the cooling
rate in the 1/4 inch thick HY-80 steel specimens was somewhat slow
and the hardness obtained is not representative of the hardness
expected in thick sections, Despite a higher carbon content (0.17%
for 1/4"; 0.15% for 5/8") the maximum hardness in thin-section HY-80
was ZRC lower than the maximum hardness in the thicker specimens.
Similarly, the -average hardness for the 1/4-inch specimens was 4RC
lower. Figure 44 showing the HY-80 data provides confirmation. The
figure includes check marks indicating the hardness values for 5/8-
inch thick specimens. 1In all instances, these points are on the high
side of the scatter band.

The case for data obtained with 5/16-inch thick HY-100 steel
specimens is not so clear, The HY-100 steel and the 5/8-inch thick
HY-80 steel have identical carbon contents and developed the same
maximum hardness, This is as it should be under the same cooling
conditions. The average hardness for the HY-100 steel, however, is
lower than the average hardness exhibited by the thicker HY-80

specimens. The difference, ZRC may not be significant considering the

e
A
S
.

small number of specimens involved and the usual scatter in hardness

v/-.-.
4
.
¢
.

[
S

measurements. It appears that the data for HY-100 steel is probably Q?:
L) Pl
acceptable. If there is a hardness decrease resulting from slower g:

cooling in 5/16-inch thick specimens the effect is certainly a minor

one.




A A A, .. e e . . Ll S S Eat B

o .
(]
.

*s

4 A
a’s

.
. (3
-'a

..

Eé Hardness/Enerﬁy Density Relationships

“jj

- Of the various hardness/energy density curves for the

%53 ferritic steels, shown in Figs. 39 through 44, only those for 4140

*f steel and 4340 steel (Figs. 39 and 40, respectively) show reasonable

" similarity to the schematic, Fig. 38. Development of a curve showing

»; all the characteristic of the schematic requires a steel with
reasonably high carbon and alloy content and tests over a wide range of

s# conditions. The plain-carbon steel, 1018, can develop significant

3 hardness (about 43 R¢) but only in very small specimens subjected to

Y an extremely fast quench. The hardenability is low. All of the other
ferritic steels have adequate carbon and good hardenability and did
show a significant hardness increase. However, the lower energy

A densities needed to show the inception of hardening were not

always investigated.

o The hardness/energy density plots are useful in showing the

;‘ hardness that can be obtained with a given steel by judicious selection

n of energy densities. They are, however, a composite of individual
curves for each power level employed, and the range of applicability

:2 is somewhat restricted. The data for 4140 steel, Fig. 39, can be

55 used for illustration. Examination of Fig. 39 shows that at a

X constant energy density a wide variation in hardness is possible.

- At about 1.3 KJ/cmz, for example, the hardness can range from 32 R3ON

:g (indicating some softening of the material) to over 70 R3ON' At the

E; lowest laser power, 5.0 KW, the material was softened. The next

e higher power, 7.5 KW, resulted in moderate hardening. Significant
hardness was obtained only when the laser powers were high,

e 10.0 and 12.5 KW. The data for 4340 steel, Fig. 40, shows an

% identical trend at an energy density of 1.3 KJ/cmz.




r;f'.f

e,
. ’y .
IO UL N

b
Y

It is possible, using the data for either 4140 or 4340
steel, to select a range of energy densities over which consistent
hardening and freedom from melting would be anticipated. The
range from 1.5 to 3.0 KJ/cm2 would appear to be suitable, if

consideration was restricted to the three highest laser powers

:::3 investigated. At the 5.0 KW level the data ar; sparse. At 5.0 KW
ujfj of laser power, an energy density of 1.3 KJ/cm” did not result in
z%i? hardening in any material. Appreciable hardening occurred at an
) energy density of 2.6 KJ/cmZ. However, the energy density that
e initiates hardening was not established.
;;fT The data for both 4140 and 4340 steel shows that somewhat
g&ﬁ above 3.0 KJ/cm2 melting may be encountered, appearing first as the
o~ energy density increases, in specimens exposed to the higher power
“QS beams, 10.0 and 12.5 KW. Figures 39 and 40 both include points
;355 at energy densities of about 4.0 KJ/cm2 for specimens trezted at
= 7.5 KW that did not exhibit melting. Melting did occur at lower
energy densities, however, when the laser power was higher. Melting
ﬁnﬁs was observed in a 12.5 KW specimens at 3.25 KJ/cmz, and in three
;bﬁ 10.0 KW specimens at an energy density of 3.5 KJ/cmZ. The same
» pattern may be seen in other hardness/energy density plots. These
plots are a composite of individual curves applicable to the specific
';g power levels investigated, each having its unique hardening-initiation
‘5; and melt-initiation points as illustrated schematically in Fig. 46.
byl

Development of a family of curves of the type shown in Fig. 46

Sl requires many tests conducted over a wide range of energy densities.
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Ideally, higher power conditions should be investigated over a lower
range of energy densities (faster travel speeds to obtain shorter
interaction times) while the lower power conditions should be more
fully explored at higher energy densities (slower travel to increase
interaction times). In the present investigation, only 4140 and 4340
steel were tested over a wide travel speed range (20 to 100 ipm) at all
four power levels, and also developed significant hardness. Even

then, we now know that the interaction time at 100 ipm (0.45 sec)

was still too long to permit determination of the start of hardening
when the power levels were 10.0 and 12.5 KW. Also, when the lowest
power level, 5.0 KW, was employed, the interaction time (2.27 sec)

at the slowest travel, 20 ipm, was still insufficient to cause melting.
In all the other instances, the steels either did not harden
significantly or travel speeds above 60 ipm were not investigated,

limiting the data for the shorter interaction times.
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The influence of travel speed on the hardness of the
ferritic steels, at each laser power investigated, is shown in
Figs. 47 through 53. Figures 47 and 48 for 4140 and 4340 steel

v
ataloy

-

(combined data for both rough-machined and surface-ground specimens
in both instances) show the start of hardening at the lower powers,
5.0 and 7.5 KW, but do not indicate where melting would begin under
these conditions. At 10.0 and 12.5 KW the travel speeds that
introduced the risk of melting are defined, but the initiation of
hardening was not determined. It is apparent, however, that when
the higher powers are used, travel speeds faster than 4.2 cm/sec
(100 ipm) can probably be used for hardening these high-hardenability
steels. The other,steels were all tested over a more restricted
range of travel speeds. The onset of hardening is not apparent in
these instances.

However, Figs. 50, 51, and 52 for 2-1/4 Cr-1 Mo, HY-100,
and HY-80 steel, permit selection of conditions that will insure

acceptable hardness and freedom from melting. In all cases,

]

) investigation of travel speeds faster than 2.52 cm/sec (60 ipm)
" :;E 1s justified at power levels of 10.0 and 12.5 KW. The data for
S, H-11 steel, see Fig. 53, was obtained over a very small speed range,
‘ 1.68 to 2.52 cm/sec (40 to 60 ipm), using a large number of specimens,
1}\j and shows appreciable scatter. Additional tests would be required ;
ii\; to establish conditions that would provide good, and consistent i:
ttj hardening. Specifically, tests at 12.5 KW would be needed at é;
ff’ shorter interaction times to avoid surface melting. Melting was x
*éé encountered at all travel speeds slower than 2.52 cm/sec (60 ipm) TS
f-\ at the 12.5 KW level.
::;> Hardening of Type 422 Stainless
gss Hardness data for Type 422 martensitic stainless steel is
\%‘% provided in Figs. 54 and 55. This hardenable, 12% chromium steel

was treated only at 10.0 KW using travel speeds in the range 0.84 to

2.52 cm/sec (20 to 60 ipm). The corresponding energy densities

%
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ranged from 5.6 to 1.9 KJ/cmz. Melting occurred at energy densities

of 3.2 KJ/cm2 or more. The hardness values are summarized below:

Laser-Treated Hardness

Base Hardness Range Average
R30N Re R 30N Re Rson Ko

52 32 63/71 44/53 67 48

Type 422 stainess is reported to harden to between
70 and 73R30N (51 and 55 Rc) when 1t is oil quenchedﬂZ)The lower value
refers to austenitization at 1750°F, the higher value to austenitization

ER .'.". -

.'1)'. .
.

between 1900 and 2050°F; hold time one hour in either instance.

Hardnesses obtained by laser treatments were lower. The highest

individual value was 70R30N (51 Rc) The average was 67 R3on (48 Rc)'

The lower hardness may be a consequence of the brief thermal

© 4.3
[ Y
ﬂ?ﬁfﬁ;b

P
f
"s

excursions typical of laser treatments and the sluggish transformation
of the 12% chromium composition. Also, the carbon content of the
material was low. The specified carbon for Type 422 is 0.20 to 0.25%.
Two analyses of the material used in these tests showed 0.20 and
0.21%.

Hardening of 17-4 PH

Hardness data for 17-4 PH are shown in Figs. 56 and 57.
This precipitation-hardenable stainless steel can attain hardnesses
of 59—64R30N (40-45 Rc) in the aged condition. It does not respond
to quenching. The base hardness, in the annealed condition, was
56R30N

was S54R

s

(37 Rc). Following laser treating, the average hardness
(35 Rc).

3 Ly
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g SUMMARY AND CONCLUSIONS
e
1. Data are presented showing the penetration and the cross-sectional
2;3 area of the heat-affected zone, and the hardness produced by laser
f}: transformation-hardening treatments of a variety of steels (1018,
~:5: 4140, 4340, 2-1/4 Cr-1 Mo, HY-10®, HY-80, Type 422 and 17-4 PH).
In general, the test conditions include laser output powers from
3 : 5.0 to 12.5 KW and travel speeds in the range 20 to 100 ipm
f*%; (0.84 to 4.2 cm/sec) which, under the beam-size conditions us;d,
\;3 translates to an energy density range from 0.52 to 7.01 KJ/em™.
*é‘ The full range of conditions was not, however, employed in tests ¢
e of all the steels.
(A
,;é: 2. The depth of penetration and the cross-sectional area data are )
P given in the form of plots versus the energy density, refined
Iy where possible, to iilusttate the influence of laser power. The
E:: relationship for both penetration and area are linear over most
::ﬁ: of the energy-density range. Predictive equations are given in
:*fﬁ tables. The applicable energy-density range for the equations
éﬁb (energy density to initiate penetration or to initiate surface
)33 melting)can be obtained from the individual plots. The general
3:§ effect of increased laser power is to reduce the energy density
"}.: needed to form a heat-affected region and the energy density at
:;; which surface melting will occur.
'?Fé 3. The hardness data are presented in two forms, in plots giving the
,wid combined results at various laser powers as a function of energy
oy density, andas hardness versus travel speed to better illustrate
.i:g the influence of laser power level.
o
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All of the tests of HY-100 steel and the majority of tests of
HY-80 steel were conducted with relatively thin specimens,
respectively, 5/16 and 1/4-inch thick. A comparison, under the

same conditions, of the depth of penetration and cross-sectional

Rl LAY Ly S

area in these steels with the penetration and area in similar
ferritic steels shows that the data for thin HY steels is not
representative of truly thick material. However, the data
obtained with 5/8-inch thick HY-80 steel (tests at a laser power
of 12.5 KW) is acceptable.

Tests of Type 422 stainless, a martensitic 12 Cr-1 Mo composition,

were conducted with 3/8-inch thick material; also under the 1/2-inch

size considered most desirable. The penetration and area data
obtained with these specimens is probably typical of what would
be anticipated in thicker sections. Lower than expected hardness

values can be ascribed to other causes which are discussed below.

All of the ferritic steels possessing adequate carbon and good
hardenability (4140, 4340, 2-1/4 Cr-1 Mo, HY-100, HY-80 and H-11
with Ideal Diameters from 4.2 to 1.0 inches) showed a significant
increase in hardness. 1In all cases where the specimens were
thick enough to provide a rapid quench the maximum hardness
corresponded to martensite contents between 95 and 100 per cent.
The maximum hardness attained with 1/4 inch-thick HY-80 steel

specimens indicated a martensite content of 90 per cent.

The average hardness for the above steels, with the exception

of tests conducted with 1/4-inch thick HY-80 steel, indicates
martensite contents in the range 90 to 95 per cent. The

martensite content predicted by the average hardness in thin-section

HY-80 steel specimens was 80 per cent.

The rate of quenching obtained by laser treatment of 1018 steel
was not sufficient to produce significant hardness in this low-
hardenability material (Ideal Diameter 0.5 inch). Both the

maximum and the average hardnesses indicate a martensite content

appreciably less than 50 per cent.
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9. The hardness developed in 5/16-inch thick HY-100 steel specimens

[« is evidently representative of the hardness that would be

. .I. ., e

anticipated in thicker sections. If the use of 5/16-inch thick

|

specimens resulted in a reduced rate of quenching the effect is a o

;;3

minor one.

oS 10. The cooling rate in 1/4-inch thick HY-80 steel specimens was
insufficient for the development of maximum transformation hardening.
The maximum and average hardness measured in the thin HY-80

steel specimens ranged from 2 to 4 Rc lower than the hardness of

}:f 5/8-inch thick specimens which had a slightly lower carbon content.
\':'_.
f?: 11. The average hardness in transformation-hardened Type 422 martensitic-
e stainless was 48 Rg. Greater hardness (51-55 Rg) can be obtained
<tj_ by conventional heat treatment using long soak times and high
,ﬂSj austenitizing temperatures. In these tests, the influence of
e
7 sluggish transformation was probable compounded by a carbon content
o
A on the low side of the specified range.
A
S 12. Tests were conducted with 4140 and 4340 steel using both rough-
~
?& machined (milled or coarse ground) and surface-ground specimens.
?{ The difference in surface condition had no effect on the depth
P’ A
. of penetration, cross-sectional area, or the hardness produced
';E by laser treatments.
o
i:j 13. Comparison tests employing Type 422 martensitic, stainless steel
'

specimens undertaken to determine if a nitrogen atmosphere

would enhance hardness through formation of carbides showed the

A

R method was ineffective.

=

e

- 14. In the course of this investigation, about 250 transformation-
b. ..‘.o

N hardened sections were etched and examined. Cracks or spalls

were not observed.
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TABLE It o
LA SER HARDENING DATA FOR AlSI 1018 STEEL
1/2' Thick, Base Hardness 88 Rg. Laser Beam L 91 cm Square
Powe Heat Average
r Energy Affected ;
Laser Power, KW Interaction Penetration Surtace e
Aero Yo Travel Time Densltyz Densllzy Total Meit —Are Hardness e
Specimen  Window Work lpm  cm/sec sec Kw/iem®  Kifem® In mm in mm in? mmd RION ]
AXT-4 5.0 42 20 oM 2 116 263 .03 14 035 26 2
AX8-1 50 42 & L6 L4 L6 13 %
AX8-2 50 42 0 2% Q.76 116 oss 2 .
AX8-3 5) 42 ® 1% o L16 Q 66 %
AX8-4 St 42 10 A2 0.45 116 o o3
AX1-1A 1.5 €3 2 0M 2mn n i (14 249 .03% 22 D ?':-;‘
AX1-3 1.5 €3 & 168 L4 L7 L® .06 L1 02 W2 2
AX1-4 1.5 63 S 210 o9 Ln 18 .0% 0.6 .017 1L0 Fs ] 7
AX2-1 1.5 63 6 2% 0.76 Ln L2 .07 o& 006 39 a B
AX2-3 15 63 ®M 1% 0.5 73 0% 2 N
AX2-4 1.5 63 % 378 0.5 1n oy i) soand
AX2-2 15 643 100 42 0.45 Ln 0T 73 -
AX2-1 15 63 10 42 045 n ors —~
)
AX32 10.0 84 22 0¥ 2 b | 54 .17 2w .013 O 0% 355 X
AX33 10.0 84 0 1L» L% 23 349 085 217 .006 QO .049 306 2 -
AX3-4 10.0 84 & Le8 L4 23 26 062 LW 0 A6 n e
AX4-1 10.0 84 2 210 0.9 231 2160 0% L4 .024° 1585 3 :
AX4-2 10.0 g4 0 2% 0.76 23 176 .049 LS .018 1L6 3 L
AX4-3 10.0 R4 0 2% 0.65 23 1% .03 L0O o0z 142 M
AX4-4 10.0 R4 X 1% 0.5 23 12 0% 09 .018 1L6 3 oy
AX51 10.0 24 90 3178 0.5 213 L6 .02% o0& 010 65 3 R
AX5-2 10.0 84 10 42 045 23 L4 .03 0% 010 &5 » S
AXS53 125 105 2 08 22 28 6% .13 28 .03 0% 07 a7 19 O
AXS-4 125 105 2 L L5 28 4% .0 2313 .09 O .055 35S bl oo
AX6-1 125 105 & L68 L14 289 327 .069 LIS .006 QM4 .02 2771 » B
AX6-2 125 105 % 210 0.9 28 263 0% L% .03 A5 k] e
AX6-3 125 1005 60 2% 0.76 2% 22 0% 1% 0% 232 ()} Nl
AX6-4 125 105 70 2% 0.65 289 LB 0% L4 0% 232 a AL
AX7-1 125 105 80 1% oS b8 )] 165 .054 L3 .019 123 n e
AXT-2 125 10.5 9 3 ast 289 L5 0% 09 .019 123 35 A
AX7-3 125 105 100 42 045 2% L .03 08 0% 168 R :
N
|'.--',
4
o
N
o s
::: .:_-.
A [N
f:e. v
)
o "

s
‘.
e

BACAD

o
4
.
.
.
(]
.
N
’

v
.

’
o
»

-




.-- B 9 e . . ' " "~ T . L) v . e . € ..
LR e T . : B « : B ..-.I-\-.--.- Y o ‘ Sl T N

(AN ; d . ‘ 0 A . y
.P.-.\.\.\-‘.\.\. = ‘v o KPR AN ov. . . T Ll * L S N e ] . "t R Y LA PR P

Sv'0

150

50

90

9.0

140!

27

1A

150

50

€L 90

Z0 600° €Ll 9L°0
LYo 6207 €L 60
€T 20° €L vt
w0 SI0° 602 280° €L zz

ww U ww RN Y %S YIOM  MOPUIM

W L1 auny o | ol3y
uojjeljauag ww.a._u_“m ogoﬁ“n uonoesau] M) “Jamog Jasen

KRXXRRRKE

RERSRBRE RES

aienbs w3 14 T weeg JasN .ug (02 SsaupJeH aseg AUl .2/T
T33US OvIp ISIV Y04 V1VQa ONINIQUVYH ¥3ISV1

A T8VL
wanoTy “bmg "

3 A SuZuln du du i) o r x, . T
LR AT .......m e r B R

T T Ja ) A .



.'. -9
s o
e
- e
{~‘ s
WY o
N &)
\) Dﬂ- 560K 62 ,-\.-
at -'-'-‘
X TABLE V =
) LASER HARDENING DATA FOR AlS! 4140 STEEL - SURFACE GROUND ol
N V2" Thick, Base Hardness 20R ., Laser Beam L 91 cm Square ,
K .‘ N
A Heat
A Average
\ Laser Power, KW Interaction D"""” :‘e‘;% Penetration Atected  surtace -
Aero . To Travel Time '"‘wz ) Totaf Melt TLz Hardness -
‘ Specimen  Window Work lpm cm/sec sec Kw/em™  Kifcm __E mm In mm in mm- RIN Rc i
i3 BY7-4 50 42 ® O 22 116 263 .04 L6 .03 181 64 45
Al BYS-1 50 2 o 16 LM L16 L3l 3 PN
N BYs-2 50 L2 0 2% 076 116 as 33 s
o BYS-) S0 42 ™ 3% 0 116  0.66 u L
N BYs-4 S0 42 10 42 0.45 L5 Q% 3
") BVIM 75 &3 A oM 27 LB 18 .m 20 02 Z1 & 8 o
Bvl-3 .5 63 & L6 L14 L73 LY .00 10 016 103 69 Sl "y
- BY1-4 15 63 © 210 09 173 L% .09 an o4 90 0 %2 el
/ BY2-1 1.5 63 ©0 2% 0.76 L13 LR .09 03 08 52 5 8 ~1e]
; Y23 1.5 63 W 1% 05 L3 0w 3 T
_ BY2-4 1.5 63 © Am 0.5 L3  awm 2 eSS
BY2-2 .5 63 10 42 0.45 L73 Qs R vl
: BY>1 .5 &3 10 42 0.45 L3 o n N
Y32 100 B4 2 oM 27 23l S22 1% 31D .07 068 .068 439 56 %
s BY33 100 a4 1 L% 152 231 349 .0 23 .00 019 .00 33 o4 45
L. BY>4 100 84 o L6 LA 231 260 .09 L76 00 258 64 45
7 Y&l 100 B4 0 210 X)) 231 210 .08 12 .04 155 6 @
o BY&2 100 84 0 2% 076 231 L1603 Q% o N0 68 D
’ BY&-3 100 84 70 2% 0.65 23 1% .03 om 07 1.0 68 %0
e BY&4 100 84 ™ 13% 0.5 231 LR .03 0N 016 103 6 &
e sY$1 100 84 ® 178 as 231 L6 .06 ad 02 1.7 0 a
BYS2 100 84 10 42 0.45 231 Lo . 0 S
e BY$3 125 105 2 Q084 22 289 6% .18 300 .02 070 .04 &7 % 38
o BYS4 125 105 3 L% L5 289 4% .14 263 .08 05 .08 N4 6 &
o BY61 125 105 & L6 L14 289 127 .5 L% .002 005 .04 A4 69 5l
oy B2 125 105 ® 210 a9 289 263 .065 L6 038 A5 6 0
Y BY63 125 105 @ 2% 076 289 22 .065 L6 0% 22 6 &
% BYe-d 125 105 70 2% 0.65 289 LB .00 L% 033 A3 o M
8Y1-1 125 105 o0 3% a5 289 L65 .08 L& 02 W2 & 4
_ 8y7-2 125 105 © 3a7n as 289 L& .00 L19 07 1.0 6 8
BY7-3 125 1.5 100 42 0.45 28 L® .05 08 0 a9 66 48
N
.-
29
! N
153
0
2
f‘.‘
-
| |
»
L]
i‘
’l
T
¥
D T i LA e S

AN 'V-.-s. e,



R

e RO ‘s’ "o T e ., 8 v AI (SN AEAEN ST, ey ..-\.M.(.M\umﬂ.\.ﬁ.\.“-‘ﬂ-ﬂ.‘n.(u .M..H.-.M.-.l .
= v \J\ 2 ..—.- f..——. Iy - -. A -of -\-.L.. -J\f\h-&.... " ; ,..,..-... a.\... o NS v M * e A . s PRI N R AP S N 4 et -
. 3 LA

. york.
. =
65 9 2% 800" B0 SI0° W'l €e 0 2y 00 vy oW 25X2 s
oo rrooaor €0 120° 9T €2 50 8L 06 ¥% oot 14X "
3 W 4 0% 0 90 060" T €2 50 %Y 08 V% 00t ¥-vX9
K oua vt o w0 K60° 05T €2 90 we O ¥R 001 €-¥X) e
% 2 9%l o €01 W' 91 €7 9L°0 %X 0 b 0l Z-¥X9
X % o0 1% 80 VT €0° 012 €2 10 otz 0 ¥% oot 1-¥X2 e
. € U SwW W 6T O 192 €2 'l 9T o0 b3 0l v-€X9 b o
: S ¥ €2 0S0° 020 800" 92T 680" 6V €e %1 ®1T € % 0ot €-€X2 s
a € 29 B SO0 190 0" WE SEIT WY €2 2?2 Bo 0 V% 0ot Z€X9 e
g €2 w 810 €L 90 2y 001 €9 ] 1-€X9 A
% 82 6 B8O €L 50 8L 0 €9 sl ¥-2X2 7
" A 1 60  €LT 5 %t ® €9 S €-2X9 "
X £ K €T €L €90 w2 0 €9 S 2-2X2 g
3 ¥ 8 6% 90 %0 0" XT  ELT 9D X7 ™ €9 ¢1 12X o
. 6 9 €01 90 B0 20" 8T €L 16°0 2 05 €9 ¢ Y-1X) oL
B §& W o 07T w0 BT €1 nt 9T O €9 ¢ €-1X9 .
. € 6 8V 50° s 101" €% €L 2 Bo @® €9 Y] VI-1X) X
. Ny uw U  wuw U wuw up LWl WM s 20S/W)  WH) MOM MOPUIM  UIW|RCS e
. savpiey ¢t W 0L fisueq  dusueg . Ul onei] oL oy e
_ sy wmwwwr 00 e Ao e
3 woH : W
‘o
\
o.-n:cm w16 ‘1 weag Jase .ox 12 ssaupiey aseg ‘Wi w2l q.u-
3 . P
. TI3LS OVEP ISIV ¥O4 VAVO ONINIQYVH ¥ISV)
In T8 VL X
SLengey *Bug "
P T T e WA NGy R




TABLE vii
LASER HARDENING DATA FOR A!S! 4340 STEEL - SURFACE GROUND
U/Z' Tick, Base Hardness 2R . Laser Beam L. 9l cm Square

e e

Dwg 560263

Heat
Power Energy Affected
Laser Power, KW Interaction  Density  DensHy Penetration Arm
) Jravel Time 2 2 Tota _ Melt 2 2
Specimen  Window Work Tpm  cm/sec sec kw/em™  Kl/em® in mm in mm  n"  mm®
CYl-4 42 2 0M 27 1.16 263 .06 165 .07 1.4
cys-1 42 &0 1@ L4 116 13
CYs-2 42 @0 2= Q76 L16 o
CcYs-3 42 0 1% o L16 0. 66
cys-4 42 10 42 Q45 116 eR
CYI-1A &3 2 oM 22 11 19 .0m 243 .0 3RnS5 45
cyl-3 63 & 16 L4 L73 L¥ .01 LOS 025 161 58
cyl4 683 9 210 09N Ln L .07 0% .01 10L& 55
Ccyz-1 63 @ 2% Q76 LN LR .05 03 . 006 19 q
cYz3 63 o 1% 05 173 0%
Cy2-4 83 ®© 1im Q.51 L13 0%
CcY22 63 10 42 045 173 07
cy21 €3 10 42 .45 113 are
CY3¥2 84 2 0N 27 231 54 .3 113 02z 4% .04 4.7 b
cY33 84 ¥ LB 1% 23 149 .09 238 006 Q)6 .054 M8 42
CY3-4 24 & L& L 2 261 .070 179 .02 2.1 &
Ccy4-1 24 » 210 a9 23 210 .05% 142 .00 194 5t
CYs-2 24 & 2% 076 23 L76 .04] 105 .05 161 51
CY4-3 84 0 29 Q.65 23 1% .0M oy .02 129 ]
cYsa-4 84 X 1% '8 23 L2 .02 0.76 .09 123 )
Cys1 k4 @0 A7 0.5 23 L6 .0M 062 o2 n )
Cys2 84 100 42 045 231 1.4 .02 0% 013 &4 3
cY53 105 2 aM 227 28 65% .14 165 .00 Q¥ .0M 606 M
CYS-4 10 » L>» LR 28 4% .19 100 .04 Qa6 @2 &S5 43
Cyé-1 105 4 Lé L4 28 32 .03 2100 00 R3 5
cYé-2 105 o 2B a9 28 263 .0n L% .00 258 51
CYé-3 05 @ 2% 076 289 220 .0% L5 .03 A5 0
Cyé4 105 0 2% Q65 289 L8 .05% L% .0% A2 49
cyr-1 105 0 1% oS b ) 165 .043 108 .04 155 Q
cYr-2 15 ® aAn as 289 L45 .03 L1I0 .0a 135 R
cyr-3 105 100 42D 0.45 28 L .0 0% 038 A5 2
o ' .. :"1‘ s -.- "-,'.-. '.I'_(I..f\‘_(;x..;. —n v'_“:l. a
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LASER HARDENING DATA FOR 2 1/4 Cr— 1 Mo STEEL

TABLE
1/2" Thick, Base Hardness 80 RB' Laser Beam 1,78 cm Square

Melt

Total

Energy

Density  Density
l(Wh:m2

Power

Interaction
Time

Travel
ipm cm/sec

To

Aero

Window Work

Ki/em? Tin

in

mm

Sec
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TABLE XVII

SUMMARY OF PENETRATION DATA FOR SELECTED LASER POWERS

Penetration Equation (mm)

Laser
Power, Thickness Including Excluding
Steel KW in Melt Data Melt Data
1018 12.5 1/2 0.37E + 0.56 0.44E + 0.42
10.0 1/2 0.52E + 0.18 0.64E + 0.00
7.5 1/2 0.77E - 0.52 0.77E - 0.52
4140 12.5 1/2 0.38E + 0.71 0.53E + 0.41
10.0 1/2 0.65E - 0.15 0.82E - 0.43
7.5 1/2 0.70E - 0.41 0.66E - 0.39
4340 12.5 1/2 0.53E + 0.36 0.58E + 0.24
10.0 1/2 0.70E - 0.16 0.84E - 0.39
7.5 1/2 0.77E - 0.49 0.77E - 0.44
14 -
2-1/4Cr-1Mo 12.5 1/2 0.57E + 0.21
10.0 1/2 0.62E + 0.03
7.5 1/2 0.47E + 0.14
HY-100 12.5 5/16 1.32E - 1.68
10.0 5/16 1.08E - 0.87
7.5 5/16 0.75E + 0.12
HY-80 12.5 5/8 0.67E - 0.25
10.0 1/4 0.86E - 0.30
7.5 * 0.83E - 0.14
H-11 12.5 7/8 0.39E + 0.53
10.0 7/8 0.67E - 0.23
7.5 7/8 0.87E ~ 0.76
Type 422 10.0 3/8 0.54E ~ 0.05
17-4 PH 10.0 1/2 1.19E - 0.08
7.5 1/2 0.91E - 0.18
5.0 1/2 1.35E -~ 0.52

*In 7.5KW tests of HY-80 steel, two specimens tested at the lowest energy
densities were 5/8" thick. Four specimens tested at higher energy
densities were 1/4" thick.




TABLE XVIII

PENETRATION COMPARISONS FOR CONVENTIONAL STEELS

Steel

1018
4140
4340

2-1/4Cr-1Mo

HY-100
HY-80

1018
4140
4340

2-1/4Cr-1Mo

HY-100
HY-80

1018
4140
4340

2-1/4Cr-1Mo

HY-100
HY-80

........

Laser
Power,
KW

10.0

12.5
12.5
12.5
12.5
12.5
12.5

..........

Thickness,

in

1/2
1/2
1/2
1/2

5/16
*

1/2
1/2
1/2
1/2
5/16
1/4

1/2
1/2
1/2
1/2
5/16
5/8

Penetration (mm) at Energy
Density Shown

Piacl RURTR U IUIL
LI . .
A}

c‘-'l.'t'.

l.OKJ/cm2

0.93
1.09
0.89
0.78
-0.36
0.42

*In 7.5KW tests of HY-80 steel, two specimens tested at the lowest
energy densities were 5/8" thick.
energy densities were 1/4" thick.

Four specimens tested at higher

@ s et .

...........

LY LA AR o
- N s, ot
IR ) l'.\-‘. PRI R S e Y Tl T B B IS

6.0KJ/cm2

...........

4.10
3.79
4.13
2.96
4.62
4.84

3.30
3.75
4.04
- 3.75
5.61
4.86

2.78
2.99
3.54
3.63

3.77
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- TABLE XIX
.

oy SUMMARY OF ARFA DATA FOR SELECTED LASER POWERS

:" Laser

- Power, Thickness, 2

- Steel KW in. Area Equation (mm")
1018 12.5 1/2 6.7 E+ 6.1

10.0 1/2 6.8 E+ 1.1

7.5 1/2 6.3 E - 0.9
N 4140 12.5 1/2 6.8 E + 5.7

. 10.0 1/2 9.4 E - 3.1
- 7.5 1/2 8.4 E - 5.5

% 4340 12.5 1/2 9.1 E + 2.8

] 10.0 1/2 10.0 E - 2.3

t: 7.5 1/2 10.8 E - 7.7

N 2-1/4 Cr-1 Mo 12.5 1/2 8.3 E + 4.4

2 10.0 1/2 8.9 E+ 1.4

'~ 7.5 1/2 7.6 E - 0.2

~ —

(- HY-100 12.5 5/16 16.6]E - 14.1
2 10.0 5/16 14.1|E - 6.7

X 7.5 5/16 10.7{E + 2.2
oy HY-80 12.5 5/8 10.5 E - 5.5
L 10.0 1/4 13.7]E - 7.6
b 7.5 * 11.2{E - 0.7
T —

’ H-11 12.5 7/8 8.6 E + 4.2

4 10.0 7/8 12.4 E + 5.9

, 7.5 7/8 14.2 E - 15.0

4 Type 422 10.0 3/8 9.1 E + 0.1

v 17-4 PH 10.0 1/2 14.7 E + 2.1

> 7.5 1/2 11.2 E - 2.0

- *In 7.5 KW tests of HY-80 steel, two specimens tested at the lowest
energy densities were 5/8" thick. Four specimens tested at higher
; energy densities were 1/4" thick.
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{ TABLE XX
\ AREA COMPARISONS FOR CONVENTIONAJ. STEELS
% Area (mm2) at Energy
: Power, Thickness, Density Shown
e Steel KW in. 1.0 KJ/cm4 6.0 KJ/cmé
0t 1018 7.5 1/2 5.4 36.9
P 4140 7.5 1/2 2.9 44.9
ﬂ 4340 7.5 1/2 3.1 57.1
N 2-1/4 Cr-1 Mo 7.5 1/2 7.4 45.4

HY-100 7.5 5/16 12.9 66.4

G HY-80 7.5 * 10.5 66.5
b5

ol 1018 10.0 1/2 7.9 41.9
Q" 4140 10.0 1/2 6.3 53.3
) 4340 10.0 1/2 7.7 57.7
e 2-1/4 Cr-1 Mo 10.0 1/2 10.3 54.8
p _ HY-100 10.0 5/16 7.4 77.9
- HY-80 10.0 1/4 6.1 74.6
4
-3 1018 12.5 1/2 12.8 46.3
':_4 4140 12.5 1/2 12.5 46.5
7w 4340 12.5 1/2 11.9 57.4

2-1/4 Cr-1 Mo 12.5 1/2 12.7 54.2

55 HY-100 12.5 5/16 2.5 [85.5]
3% HY-80 12.5 5/8 5.0 57.5

Y

I.}.‘

0
W

\:,'- *In 7.5 KW tests of HY-80 steel, two specimens tested at the

.ﬁ:‘.‘i lowest energy density were 5/8" thick. Four specimens tested
b at higher energy densities were 1/4" thick.
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Travel: 100 ipm

Energy Density: 1.04 KJ/cm?
Penetration: 0.020 in.
Area: 0.013 in2

Travel: 80 ipm

Energy Density: 1.32 KJ/cm?
Penetration: 0.030 in.
Area: 0.019 in2

Travel: 60 ipm

Energy Demsity: 1.76 KJ/cm?
Penetration: 0.041 in.
Area: 0.025 in?

Travel: 40 ipm

Energy Density: 2.61 KJ/cm2
Penetration: 0.070 in.
Area: 0.042 in2

Travel: 20 ipm

Energy Density: 5.24 KJ/cm?
Penetration: 0.131 in.
Area: 0.074 in?

(Melt Depth: 0.022 in)

Figure 1 - Typical Sections from 4340 Steel Specimens (Series CY)
at 10.0 KW Laser Power (5X). :
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Curve 746052-A

6.0 T T T T T T T
. 4140 Steel
o 1.5 KW Rough Machined
a 1.5 KW Surface Ground
o 10.0 KW Rough Machined
@ 10, 0 KW Surtace Ground

W
(=]
1

&>
=
1

Pt=0.6lf-0.1

(10. 0 KW Rough)

- R =0,67E-0.19

20 (10.0Kw Groundé

w
o
|

Pt=0.63f- 0.30

(7.5 KW Rough)
Pt =0,64E-0.40

(7.5 KW Ground)

Penetration, mm

1 ] A | ]

|
0 1.0 2.0 30 4.0 5.0 6.0 1.0
E, Energy Density, I(J/cm2

Figure 2--Comparison of Penetration in 4140 Steel with Rough

Machined or Surface Ground Specimens.
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‘ﬁ:'; 6.0 T T T T T T T i
. 4340 Steel -
N 5.0 o 1.5 KW Rough Machined do.2 E;;
N a 7.5KW Surface Ground N
e o 10.0 KW Rough Machined ] G
N ® 10,0 KW Surface Ground <
. g 40 —10.16 e
-~ = i -
- S P, =0.68E—0.12 2 o
Y T30t ' —0.12 £ e
£ B (10.0 KW Ground) | E -y
" : g i
23 201 P, =0.80E~0.5% ~10.08 =
s AN
3 (7.5 KW Rough) s o
o LO|- P, =0.74E - 0.42 ~0.04 o
' (7.5 KW Ground) . o
e T
in 0 ! l l ! ! | 0 o
i 0 L0 2.0 3.0 40 50 6.0 1.0 8.0 %
XN E, Energy Density, Kifem?
‘\-::::i Figure 3--Comparison of Penetration in 4340 Steel with ;;;
::‘:: Rough Machined or Surface Ground Specimens. 7'_4::
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Curve 741992-A

6.0 I | T T T T T
5.0- 1018 Carbon Steel 0.2
v 50 KW ]
& 7.5 KW
£ 40F © 10.0 KW —0.16
E ° 125 KW i
g. (7]
E 3o Substrate -0.12 £
= ] £
Q. -
P, =0.49E+0. 2 |
2.0 t 0.08
b L tl_A_Z _
Lok P.=0ME-03 ;.
0 0

0 1.0 2.0 3.0 4.0 5.0 6.0 1.0 80
E, Energy Density, Kyfem?

Fig. 4--General Effect of Energy Density on Penetration in
1018 Steel.
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Curve 746050-A

6.0 I | 1 1 | ) |

0.2

w
o
|

1

4140 Steel

v 5.0 KW i
8 1.5KW —0.16
© 10.0 KW
O 125KW

o
o
!

Substrate o —0.12

w
o
|

P, =0.55E + 0,05

Penetration, mm

[
o
]

(L7 mm)

L0 —0.04

@B
0 1 8 J (3.0) I 1

0 1.0 2.0 30 40 5.0 6.0 1.0 80
E. Energy Density, Ki/cm®

Figure 5--General Effect of Energy Density on Penetration
in 4140 Steel.
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Curve 746051-A e

4340 Steel
v 5.0KW | i
o T.5KW ~
o 10,0 Kw ~0.16 oy
o 12.5KW

™
o
|
]
o
=

~
o
I

Substrate

0

Inches
Vd

_ ~0.12 :

Penetration, mm
w
o
|

N
o
|

pm=L42—41yE
LOL

{ .
0 40 50 60 7.0 80 i

Energy Density, Ksfem®

3
E.

Figure 6--General Effect of Energy Density on Penetration
in 4340 Steel.
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Curve 727203-A

6.0 T T 7 T T - T
21/4Cr =1 Mo Steel

40| 3 SUBSTRATE -0.16

30 -
i Pt=0'6l E-0.14

Penetration, mm

20+

Lo}

|
0 | (2 3O 1 MELT ! 0
0 1.0 20 30 40 5.0 6.0 1.0 80

£, Energy Density, Kifem?

P=0.29E~0.67 |

Fig. 7--General Effect of Energy Density on Penetration in
2-1/4 Cr-1 Mo Steel.
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Penetration, mm
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Curve 741984-A
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Fig. 8--General Effect of Energy Density on Penetration in

inches
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HY-100 Steel (Not valid for thick sectiomns).
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Curve 741985-A

6.0

5.0

4.0

3.0

2.0

L0

T ] T |

HY-80 Steel

& 1.5 Kw

© 10.0 KW
° 125 KW

Substrate

P

BN ¥

P =0.7-

o~
7

=0,72E-0.03

138

! g
L (20 oo

L

j Melt |

J

0.2

—0.16

—0.12

—0.08

—0.04

L0 2.0 3.0

D
]
4.0

5.0 6.0

E, Energy Density, Kilem?

1.0

Fig. 9--General Effect of Energy Density on Penetration in
HY-80 Steel (Not valid for thick sections).
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= 2.5

Ly H-11 Steel

Vi = Substrate

KW E LS} 7
Y < 615 KW

OS] = o 10.0 KW

::;:-'; '!g 1.0 | 0125 KW

‘o £ ____\oemm
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E, Energy Density, Kifem?
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Fig. 10--General Effect of Energy Density on Penetration
in H-11 Steel.
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Figure 11--General Effect of Energy Density on Penetration
in Type 422 Steel.
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Curve 746129-A e

6.0 T T T T = T T

v 50KwW l . ..‘
Toox Lowest E to C O
10. 0 KW owest E to Cause Lot
12,5 KW Melting at 10. 0 KW

Lowest E to Cause
Melting at 12 5KW | Jor -

o
o
i
|
(=]
S

b
o]
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»
o
T

w
o
T

i

Penetration, mm

™~
o
I

L0 50 KW

1.5KW
. 1 0

0 1.0 20 30 4,0
E, Energy Density, K)/cm?

Figure 13--Effect of Energy Density on Penetration in 1018
Steel at Laser Outputs of 5.0, 7.5, 10.0 and
12.5 KW.
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Penetration, mm

Curve 746130-A

6. 0 T T T | ! 1 !
4140 Steel Critical E (3.0)
50 v 5.0KW 12
a 1.5KW - 7
Lowest E to Cause
gof  °10.0xw Melting at 10.0 KW o1
© 12.0 KW =
Lowest E to Cause 7
ol Melting at 12 5KW | 4012
2ok /u 0.08
-
Lol 12.5 KW Meiting Occurred _{ o 04
. 0 KW in Replicate 7. 5 KW
’ Specimen N
0 .- l. 5 KW 1 1 1 0
0 1.0 2.0 3.0 4.0

E, Energy Density, Kifem?

Figure l4--Effect of Energy Density on Penetration in 4140
Steel at Laser Outputs of 5.0, 7.5, 10.0 and

12.5 Kw.
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Curve 746125-A

¥
g 6.0

:, T | F 1 T 1 1
‘.J
4340 Steel e =
ritical £ (2. 9)
o 50 v 5.0KW Critic H0.2
2 a 1.5KW ! |
A o 10,0 KW
7 B - 4016
X g 4.0 o 125KW _
. Lowest E to Cause .

: S Melting at 10.0 KW

;\: S 30} g 1 4012 ¢
3 5
:3 5
L a 20l 0.08
LJ

"l

o 0.04
=3 L0 5.0 KW )
o 7.5 KW ]
{ 0  — | L 1 \ 0

0 1.0 2.0 3.0 2.0
o E, Energy Density, Kifem?

Figure 15--Effect of Energy Density on Penetration in
N 4340 Steel at Laser Outputs of 5.0, 7.5, 10.0
¥ and 12.5 KW.
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Figure 16~-Schematic Illustration of the Penetration/Energy
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Figure 21--Effect of Energy Density on Penetration in
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with the Penetration Scatterband for Thick-
Section Conventional Steels--Tests at a
Laser Power of 10.0 KW.
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Figure 25--Comparison of Penetration in 5/16-~Inch~Thick
HY-100 Steel and 1/4~Inch-Thick HY-80 Steel
with the Penetration Scatterband for Thick-
Section Conventional Steels--Tests at a Laser
Power of 12.5 KW.
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Figure 26--Effect of Energy Density on Total Heat-Affected
Area in 4140 Steel at Laser Outputs of 7.5,
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Figure 27--Effect of Energy Density on Total Heat-Affected
Area in 4340 Steel at Laser Outputs of 7.5, 10.0
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Figure 28--Effect of Energy Density on Total Heat-Affected
Area in 1018 Steel at Laser OQutputs of
7.5, 10.0 and 12.5 KW.
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Figure 31--Effect of Energy Density on Total Heat-Affected
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Figure 35--Comparison of Areas for 5/16-Inch-Thick HY-100
Steel and 1/4-Inch-Thick HY-80 Steel with
the Area Scatterband for Thick-Section Conventional
Steels--Tests at a Laser Power of 7.5 KW.
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