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ABSTRACT

A new screw-fed, gravity-flow, carrier-gas aided powder delivery system
was used to make laser surface alloys using Cr and Ni powders on AIST 1016
steel, A 10 kW CW C02 laser was used for alloying, at incident power densi-
ties up to 2 x 107'w/m2 and traverse speeds up to 0.03 m/s. Ten overlapped
passes were used to make alloyed zones 0.09 m Tong by 0.015 m wide. Alloys
with up to 80 weight percent Cr and 58 percent {r + 26 percent Ni were ob-
tained. Surface roughness and corrosion resistance measurements were made.
The microstructure was characterized by transmission and scanning electron
microscopy. Smouther surfaces were obtalned by increasing traverse speed and
beam diameter. Corrosion samples passivated spontaneously in a 3.5 percent
NaCl solution in distilled water, but were susceptible to pitting corrosion
when uneven surfaces were subjected to corrosion testing. Microstructures
were highly refined with a high dislocation density. These results are re-

lated to process mechanisms. The reported method of powder delivery is vers-

atile, flexible and reproducible, and can be used to make useful alloys.
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Intraduction

Laser Surface Alloying (LSA) is a process for producing uniformly alloyed
surface layers. However, LSA has not been systematically examined, nor have
the resultant materials been fully characterized [1,2]. As a part of our con-
tinuing study of LSA, & new powder delivery system has been used to produce
alloys of Fe + Cr and Fe + Cr + Ni. The production of these alloys and the
observed microstructures are described and the measured surface properties are
presented.

The use of pqwders in Tlaser surface modification has been reported by
several authors. Gnanamuthu [3] applied Ni and Cr powders to steel substrates
as a slurry or by spraying. To create mixing and minimize porosity, this
method required high powers (12.5 kW) or beam oscillation at lower powers (< 6
kW). A specially designed nozzle was used by Ayers [4] to inject Si powder
into the molten-pool while alloying 5052 Al. Processing was done at ambient
pressure in an environmental chamber using a helium gas shield and alloyed
traces had to be remelted four times for homogenization. A mechanically
vibrated gravity-flow system that worked for a specific range of powder sizes
was used by Breinan, et al. [5], to build-up layers by laser melting. They
also tried wire feed but laser coupling was better with powder feed. Laser
cladding was done using a modified spray-gun by Powell and Steen [6]. Powder
feed rates were varied by changing the carrier-gas flow rate.

Some surface property measurements are available. Moore, et al. [7], in-
vestigated surface roughness in several laser melted metals at high power
densities (1011 W/cmz) and short interaction times (0.1-1.2 ms). They suggest
that under these conditions, surface roughness can be reduced by decreasing
laser power and speed. Esquivel, et al. [8}], report surface roughness

measurements at low powers and high speeds up to 111 cm/s. They found surface




rippling at all speeds and predict that it cannot be eliminated even at very
high speeds due perhaps to non-steady-state surface tension driven convec-
tion. Ihe corrosion resistance of laser surface alloyed Fe + Cr alloys has
been measured by Moore and McCafferty [9] in Na2504 while Lumsden, et al.
{10], used 1IN Hy50, for testing Fe + Cr + Ni alloys. Both found the corrosion
resistance of laser alloys to be far superior to that of the substrate.

The objectives of the present work were to develop a flexible system for
powder delivery and use it to prepare ferrous surface alloys using Ni and Cr
powders. Surface roughness and corrosion resistance were to be measured and
the microstructure characterized. Reproducibility was to be assessed and the

observed results related to processing conditions and mechanisms.




Experimental Procedure and Methods

A 10 kW CW 602 laser was used for the runs. During laser processing, a
closed loop monitor was used for continuous sampling of output power using a
fast infra-red detector and adjustment of electrical input to the laser to
maintain a constant +3 percent output power. A He-Ne laser was used to align
the powder delivery system and position the sample for overlapping Lraces,
The sample was piaced on a table capable of x-y-z movement. Table speed was
measured by timing its traverse over a preset distance. Beam diameter was set
to obtain melt-widths of about 3 mm. An overlap of approximately 50 percent
was used for all thé samples. A gas shield (Fig. 1) was used to minimize
oxidation of the sample and combustion of powder particles under the 1laser
beam. A flow of helium gas at 1.13 to 1.7 m3/hr (40 to 60 ft3/hr) was piped
into the shield. Argon gas-assist for powder feed was set at 0.085 to 0.14
m3/hr (3 to 5 ft3/hr). Helium was fed into the shield for 45 seconds prior to
initiation of a run and Ar for 15 seconds.

Commercially available Cr powders, 2 um in diameter, and Ni powders, 5 um
in diameter, were used. They were baked to remove moisture. A mixture of 50
percent by weight of the two powders was used to produce the ternary F85Cr»Ni
alloys. Powders were dropped into a delivery chute by a screw-feeder. The
delivery system used 10 mm bore copper tubing with 10 mm bore flexible polymer
tubing used to make connections requiring small bends. Powders were deposited
at the point of laser-material interaction. The end of the copper delivery
tube was sawed off at about 45 degrees to facilitate powder discharge and was
positioned about 8 mm ahead and 15 mm above the point of laser material inter-
action., If the tube was too close to the point of laser-material interaction,
it could be damaged by direct irradiation or the powder flow could be blocked

by fused powders,
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Figure 1 Schematic diagram of screw-fed, gravity-flow, carrier gas-aided
powder delivery system. All dimensions are in mm.




Bars of AISI 1016 steel were used for the runs. Thesc were 150 mm tong,
50 mm wide, and 6 mm thick. The bars were bolted onto another bar of 1016
steel, 8 mm thick, to reduce warping during laser processing. Up to 10 over-
Tapped alloying traces were made to coat an area approximately 15 mm wide and
50 mm long.

Samples were cut 10 mm from the ends for metallurgical examination of the
transverse section of laser alloys. Corrosion samples were made from the
portion between 10 and 25 mm from the edge. TEM foils were made from the 10
mm of alloyed zone adjacent to the corrosion samples.

Corrosion samp]és, 15 mm in diameter and 2 to 3 mm thick, were made by
grinding a 15 mm square section. The LAZ surface was lighily ground to 600
grit paper to produce an approximately flat surface. It was desired to test
alloys in the as-prepared condition; thus, the samples had an uneven surface,
not completely without surface imperfections. A few samples had short. shal-
Tow, uneven "grooves" on the surface. An 0 ring, 9.25 mm internal diameter
and 1.78 mm wall thickness was glued tu the sample surface using quick-drying
adhesive to prevent the corrosive solution from seeping out from under the O
ring at surface irregularities and attacking the base material at the back of
the sample. This portion, except for a small area left hare for electrical
contact with testing system, was painted using a commercial nail-polish enamel
to prevent inadvertent attack by the solution.

Corrosion tests were made using a Princeton Applied Research corrosion
system, consisting of a Model 175 Universal Programmer, a Model 173 Potentio-
stat/Galvanostat, with a Model 376 logarithmic Current Conversion module. A
standard three-electrode Greene Cell was used. Approximately 800 ml of the
3.5 percent sodium chleride solution stirred at a constant velocity in dis-

tilled water was used in these tests. The electrolyte was not deaerated. Po-




tentiodynamic anodic scans were made at 0.36 v/hr, the potential being
measured versus a saturated calomel electrode (SCE).  Scans began at the
stabilized corrosion potential after a 30 minute immersion in solution and
were terminated after scanning over a 2 Volt range.

Surface roughness measurements were made using a Rank Taylor Hobson Taly-
surf 10 surface texture measuring instrument. A low magnification pick-up
with a 12.5 um tip radius diamond stylus was used. Meter cut-off was 0.8 mm
with a vertical magnification of 200X, a horizontal magnification of 100X, and
a horizontal traverse speed of 0.5 mm/s. The measured profile was digitized
using an analog-digital converter at a sampling rate of 100 points/s. A typ-
ical traverse had up to 1,000 data points. The data were analyzed to cal-
culate the roughness average, Ra' The measurements were made on previously
prepared laser surface alloys of Fe-Cr-Ni made according to a 23 factorial ex-
perimental design plan [l]. The computed R, values were statistically
analyzed to quantify the effect of varying process variables upon surface
roughness.

rDuring surface alloying, based on previous results [1], operating con-
ditions were chosen to obtain a depth greater than 0.5 mm. Screw feed, which
could be dialed in between 000 to 999 was set at 800 to 999, with the higher
feed rates being used with conditions that were expected to produce greater
depths. The variation of power density and speed were usually in the form of
a 22 factorial design. Alloys were sectioned after processing for metallur-
gical examination.

Electron-probe microanalysis was used to measure compositions of laser
alloyed zones. Alloying was generally uniform and diffusion of alloyed
species across the solld-1iquid interface was negligible. X-ray photon count

maps were also used to check uniformity of mixing. Sections of LAZ about



100 um below the surface were prepared for examination in a Phillips 400
TEM. A 5 percent sclution of perchloric acid in methanol was used in a twin-

jet potisher to prepare the thin foils.




Results of Experiments

Compositions obtained by laser surface alloying are summarized in
Table 1. Roughness average values determined from digitized traces (as shown
in Fig. 2) were statistically analyzed and the main and interaction effects
deduced and plotted under a reference t-distribution (Fig. 3) to determine
their significance. The traces had an average Ry value of 29.3 ym. The
roughness average R, decreased with an increase in traverse speed and beam di-
ameter. An increase in speed from 25 to 50 mm/s decreased average roughness
by 14.8 um; increasing the beam diameter from 0.8 toc 1.28 mm decreased Ra
values by 11.8 um on‘the average.

A1l laser alloyed samples passivated spontaneously (Fig. 4) in 3.5 per-
cent salt solution and had a current density in the passive state equal to or
greater than that recorded for AISI 304 stainless steel. The pitting po-
tentials recorded for laser alloyed samples were generally more active than
that recorded for 304 stainless steel.

Uniformity of alloying was checked using electron probe microanalysis.
Figure 5 shows the chromium variation across a typical laser surface alloyed
sample as determined by electron probe microanalysis.

Examination of thin foils in a transmission electron microscope (TEM)
showed several interesting microstructures. Featureless amorphous regions
were seen in a LA/ made at low power density (0.8 x 106 N/cmz) and a traverse
speed of 50 mm/s (Figs. 6 and 7). An electron energy loss spectrograph of
this foil showed very 1little ox&gen. A scanning Auger analysis indicatad
presence of phosphorus, estimated to be between 8 to 18 weight percent
(Fig. 8). Since the Fe-P system has a deep eutectic at 10 weight percent P
and as the glass-forming tendency increases with dcidit.ion of alloying elements

[11], these amorphous regions were considered to be Fe-P alloys. Clearly,



Table 1 Average Composition of Fe + Cr + Ni Alloys by EPMA

6 16.5 0.25 22.1 17.2
5 16.5 0.25 35.1 25.5
5 16.5 0.25 38.3 23.7
6 20.7 0.18 13.1 10.1
b 20.7 0.19 16.3 12.3
6 24.9 0.2 28.4 19.5
6 29.5 0.2 34.8 23.3
5 24.8 0.2 37.6 21.8

The first three alloys were made with a delivery tube 10 in. internal diam-
eter; the rest with a tube 7.5 mm internal diameter. Beam diameter was about
2 mm for all runs.
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Figure 4 Anodic potentiodynamic scans for laser processed samples and bulk
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26 Ni; 10,1 =13 Cr, 10 Ni).



13

"Wl g ULyllM 9IBJUNS DU 01 2SDSOID BPRU SL IIPUL YlUg]
T90RJANS ABBU 7y SUJ JO UOL3DPS 3SUABASURUL Y] SSOUdE 33URISL] G 24nbL4

(W)

0091 00cl 008 0167 O
_ ] T

j T _ _
- 4I(Q 9004] YNNG —

= EEQ.\OHR Jz £
C [y 20UDSIg — i
- U0I}08G SS04) N
B8U07 pako||ly 48SD7 ‘ Q




14

Figure 6 Featureless region from near top surface of an LAZ processed at laser
' power of 4 kW, 1.28 mm heam diameter and 50 mm/s traverse speed.

Figure 7 Selected area electron diffraction pattern
from area in Fig. 8 showing diffuse rings.
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these regions were formed by a combination of suitable composition and high
cooling rates.

Cr-rich, blocky precipitates were observed at grain boundaries
(Fig. 9). A highly dislocated lath microstructure with a BCC structure was
commonly seen (Fig. 10). Diffraction patterns for these foils did not show
any orientation relationships between the laths. These observations are
generally characteristic of low-carbon steel quenched structures [12]. The
presence of preferred orientation was seen in another foil while several foils
also showed the presence of micro-crystalline areas.

An optical exémination of the LAZ's showed that the highly alloyed Fe-Cr
atloys were difficult to etch and had a grain size about 11 times greater than
that seen in the Fe-Cr-Ni alloys. A high degree of refinement was observed in
some of the Fe + Ni alloys showing structures on the scale of 5 nm (Fig. 11)

3

most probably this is due to micro-twinning.
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Discussion of Resylts

The wide range of observed compositions indicates the versatility of us-
ing a powder feed for laser surface alloying. Alloying is fairly uniform and
the phase diagram does not pose Tlimits to the creation of alloys. In agree-
ment with our previous results [1], as melt volume decreases for a given rate
of supply of alloying elemenis or as the rate of supplying alloying additions
increases for a given melt volume, the average solute content increases.

The present powder dispensing system is simple, flexible in terms of
powder sizes that can be fed, achieves a good range of powder feed rates and
provides effective Shielding at }mbient pressures. The effectiveness of the
shielding arrangement can be further improved simply by increasing gas flow
rates. Virtually any mix of powders can be fed to produce a desired alloy
composition. Also, pools as deep as 1.5 mm can easily be highly alloyed in a
single pass using power densities on the arder of 2 x 107 N/mz. Such depths
permit design of post-alloying machining procedures if required.

Surface roughness depends on the vigor of fluid flow in the melt pool.
As traverse speed increases, or beam diameter increases, temperature gradients
in the pool become less steep. This reduces surface-tension gradients across
the width of the pool and reduces velocity of cross-flow. This results in an
overall reduction in the vigor of fluid flow in the melt pool [13,14] leading
to smoother surfaces upon solidification. The recommendations of Moore,
et al. [7], are contradicted by these findings. They recommend a run at lower
speed and powers to reduce surface roughness. While their recommendation
about laser power lends some support to our data, that for speed does not,.

Corrosion results dimply that the LAZ's were sufficiently alloyed
(>12% Cr) and did not have cracks that would expose the unalloyed base

material to the corrosive solution. Examination of corrosion tested specimens
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showed that pitting and exfoliation were probably the failure mechanisms. The
more active pitting potentials shown by the laser alloyed specimens suggest
that their passive film breakdown mechanism is diffefent from that occurring
on the 304 stainless steel and the uneven surface may well be conducive to
Tocal pitting. Usefulness of these alloys could be increased by alloying deep
layers and grinding the surface of the LAZ to produce a flat, law-free sur-
face.

The observed microstructures are a function of both composition and cool-
ing rate. With a suitable composition, amorphous materials can be made at
fairly modest coo11ng rates (up to a few million degrees a second). Cooling
rates increase as solidification proceeds towards the surface [15] and, as
seen here, amorphous material is expected at the top rather than the bottom of
the pool. With the large amounts of Cr in the solution and the 0.16 percent
carbon in the base material, precipitation of Cr-rich precipitates is possible
at grain boundaries. The sample showing Tlath structure but the lack of
orientation relationship between laths had about 12 percent by weight of Cr
(Fig. 10). It must have passed through the vy - a region and the Tack of
orientation relationship probably means the laths were separated by low angle
boundaries [12]. The commonly seen large dislocation density in the foils is
to be expected in rapidly solidified steels. Llarge grains high in Cr, Fe-Cr
alloys could occur if they formed at high temperatures during solidifica-
tion. There are no solid-state transformations that could cccur at high cool-
ing rates to refine the microstructure, and the large grains would be retained
at room temperature. This would also explain the lack of segregation and the
resultant difficulty in developing the microstructure during etching.

It is worth noting that alloys with 58 percent Cr, 26 percent Ni were

produced. Mixing due to convection plays a major role in producing such
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highly alloyed structure [16]. Not only would such alloys have good oxidation
resistance at elevated temperatures but their susceptibility to Cr depletion
at grain-boundaries would be Tower as there is enough Cr within the bulk of

the grain to diffuse to the grain-boundary and compensate for Cr depletion.
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Conclusions

The following conclusions were drawn from the results and discussion pre-

sented above:

1.

Powder feed is & versatile and flexible method of producing laser surface
alloys.

The new powder delivery system described here can be used reproducibly for
laser surface alloying.

Surface roughness of laser alloyed zeones can be decreased by increasing
the traverse speed or beam diameter.

Laser surface é130ys, with substantial amounts of Cr and Ni passivate
spontaneousiy in a 3.5 percent sodium chioride solution, but may be sus-
ceptible to pitting when used in the as-prepared condition. _
Depending on the composition and cooling rates, a variety of refined
microstructures including amorphous structures are obtained in laser sur-

face alloys.
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Figure 10 Dislocated lath structure from a laser alloy with 12.5 percent Cr
and 1.5 percent Ni that showed BCC single-crystal diffraction pat-

tern and no orientation relationships between laths.

Figure 11 Very fine, plate structures seen in LAZ of bead of Fe + 0.5 Ni in
laser alloy made at & kW laser power, 0.8 mm beam diameter and 25
mm/s traverse speed.



