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Abstract

Combined flame and CQaser spraying for surface modification of 20 wt.% Q80 wt.% ALOs has been developed for improved surface
performance of alumina-based refractory bricks. In this paper, the crack length per unit surface area and crack density of single treated
tracks with respect to the three process parameters: laser irradiation intensity, powder feed rate and workpiece traverse velocity, have been
investigated by employing a statistical approach involving statistical experiment design and regression analysis. It was found that the present
statistical approach was effective for investigating the role of the process parameters on the crack length per unit surface area. Reducing both
the powder feed rate and the workpiece traverse velocity could reduce the occurrence of cracks in the treated tracks. The former correspondec
to decreasing tha-Al,Os content in the treated tracks, and the latter to decreasing the cooling and solidifying rate of the melt pool.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction account both the high-temperature properties and <ost.
As the refractories are often attacked preferentially on the
Aluminosilicate refractories account for the majority of surfaces by penetration of environmental species, for ex-
high-temperature ceramic materials used as furnace andample, molten slag penetration, and corrosion, improving
incinerator linings in the glass melting, cement, ceramic surface performance of conventional refractories by surface
and, especially, the iron and steel industfieSenerally,  engineering methods could be a cost-effective approach for
the refractories are fabricated using conventional powder giving improved performance of such refractories. In recent
processing and have microstructures consisting of aggre-years, laser surface melting has been used to improve the
gates, several millimeters in size and a bond matrix of finer surface properties of conventional aluminosilicate refrac-
grains and/or glass. A certain amount of porosity is often tories, with emphasis on sealing surface pores and cracks,
deliberately included in the refractories to improve heat thus enhancing penetration and corrosion resistafte.
insulation? In addition, some cracks often occur in such During such laser surface processing of ceramic materials,
refractories. some innovations have been required to the conventional
Technological advances in the various industries have |aser surface melting for decreasing and, even, eliminat-
resulted in a demand for higher grade refractories for useing cracks due to thermal-induced stresses. For example,
in more severe conditiosAlso, higher grade refracto-  Bradley et aP developed flame-assisted laser processing to
ries obviously have longer service life than conventional reduce thermal stress and successfully achieved crack-free
refractories under identical conditions. The choice of a re- and dense laser-treated surface layers on several alumi-
fractory lining for a particular application must take into nosilicate refractories. Triantafyllidis et &f used two
combined laser sources to control the thermal gradients
* Corresponding author. Tekt 44-161-200-3827: and coo!ing rates duri_ng Iase_r s_,urface melting of similar
fax: +44-161-200-3803. refractories and effectively eliminated the occurrence of
E-mail addressj.li-3@umist.ac.uk (J.F. Li). cracks.
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In addition to dense surface layers, chemical surface mod-
ification should also be important for further improving the

surface performance of conventional refractories. Extensive * kI
research has been conducted into the effects of refractory P\ D g
compositions on slag melt corrosion, and shown that the N 3@.
dissolution and chemical degradation of such materials are by AT

clearly associated with the compositions of both the refrac-
tory and the sla§.For example, Sandhage and Yutek-
vestigated the dissolution of (Al,GiQ3 in MgO-containing
lime—alumina—silica slag melts at 1530. They found that,
with sufficient MgO in the melt, or sufficient @03 in the
(Al,Cr)203, an Mg(Al,Crp0O4 spinel solution layer formed
at the (Al,Cr»Os/melt interface. This inhibited directional
dissolution of the (Al,CrOs in the slag melt and, hence,
improved the corrosion resistance.

In the present investigation, a process combining flame
spraying and simultaneous G@aser surface treatment has
been developed for improving the surface integrity of an size—45+10pm. The Iatter.was the Sulzer-Metco 105SFP
aluminosilicate refractory, giving a relatively dense struc- Powder (Sulzer-Metco, Switzerland), a type of fused and
ture and chemical modification. Flame spraying was a use-crushed alumina powdety-Al203 plus small amount of
ful heating source for increasing the process velocity and B-Al20s, with particle size—25 + Sum (Fig. 1). The
controlling the temperature gradients and thermal stressesvorkpiece was a 60% alumina-based refractory ceramics
during surface processing of the refractory. Compared with Provided by Cleanaway Ltd. in the form of bricks approxi-
the earlier method involving laser surface melting of sim- Mately 200 mmx 200 mmx 100 mm, typically used to line
ilar aluminosilicate refractorie%;* an apparent advantage furnaces and incinerators. It contains 60.0%@y, 35.0%
of the present process is that a chemical modification of SIO, 1.6% ROs, 1.4% TiG, 0.9% FgOx, 0-3_% MgO,.
the refractory surface is accomplished by flame spraying 0-3% NaO, 0.2% KO and 0.2% CaO by weight, and is
a higher grade powder material, consisting of 20%GQ&r mamly mullite with some cristobalite. Eor the purpose qf
and 80% AyO3 by weight. For such a novel process, it is experrmgntal convenience, the as-received refractory brick
critical to set up an appropriate combination between the Was sectioned into squares, 80 mrB0 mm>x 20 mm, prior
flame spraying parameters and the laser treating parameter® Surface treatment. Cracks and open surface pores, as
in order to achieve dense surface layers, free of pores andVell as mullite aggregates, 1-4mm in size are visible on
cracks and with stable phase constituents. In this paper, athe séctioned surfac€ig. 2). Fig. 3presents X-ray diffrac-
statistical approach, involving statistical experiment design tion (XRD) spectra for both the feedstock powder and
and regression analysis, is shown to be an efficient methodthe refractory brick. The XRD spectrum of the latter was
for optimizing the process parameters, in order to decreasecollected from particles, smaller than 1@, following
the extent of crack formation during surface processing. Manual crushing and milling of a brick using an alumina
For the experimental programme, single tracks, treated us-mortar.
ing the combined process, were selected in order to avoid
the complicated physical and chemical processes intro-
duced by heating effects due to overlaps between adjacent _
treated tracks. Phase and microstructure analyses of some ¥ . =
of the treated tracks were also carried out in order to cor- g
relate the occurrence of cracks with characteristics of the * ™
material.

Fig. 1. A typical secondary electron scanning electron micrograph of the
mechanically blended powder (20% 403 and 80% AO3 by weight).

2. Experimental procedures

2.1. Flame spray feedstock and workpiece materials

The feedstock for the flame spray process was a mechan-
ically blen wder of 20% n % A
Ca. yh'? ?_hde;j po de Oth OFOS$®C3 202 282 0 %03 bel Fig. 2. A representative back scattered scanning electron micrograph of
weight. € former was the B ) powder ( ame a polished section, showing the morphologies of pores and cracks within

Spray Technologies b. v., Netherlands), a type of fused andihe refractory brick, the callout presents the EDX results from quantitative
crushed chromium oxide powder, eskolaite, with particle analysis, by weight.
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) & Cristobalite [S10,] velocity, as well as the position of the workpiece on which
AT the flame jetimpinges relative to the laser incidence. As most
OB r0ay e ?Zzﬂrr:‘iﬁ:lﬁliuof of the process parameters are interdependent, only three pa-
2 o rameters: laser power, powder feed rate and workpiece tra-
5 e(110) (214) verse velocity, were varied and investigated, while the other
) Pouder aron] | (020 ) (220 parameters were fixed following initial trials. In addition, in
r= VT U I 1) 0% ) ' 20 order to avoid the complicated physical and chemical pro-
i mt20)| i) oy cesses introduced by the heating effect of overlaps between
2 o0 mdo1) adjacent treated tracks, only single tracks have been used in
. 230y ”""“””"33:"’(2;?)‘&2"2) the present investigation.
M) a0 ";ggﬁfm:15qv;'2"s(?)21lfg‘2?5’ A relatively new statistical experiment method, the uni-
ceacos | T form design experiment, has been employed to decrease the
TR I AT rivieore predoreth rrsdtiv v number of experimental trials of the three process param-

10 20 30 Dimggnon anﬁélle " 60 70 80 eters. The uniform design experiment method was devel-
oped by Fang and Warfgbased on the number theory. Its

Fig. 3. XRD spectra for the feedstock powder and the refractory brick, aim is to replace the full spectrum of combined trials in-
identifying their phase constituents. volving the experimental parameters by relatively fewer ex-
perimental trials uniformly distributed across the scope of
the experimental parameters. These trials are determined by
the number-theoretic method and have been mathematically
proved to be a good approximation to a full spectrum of
the experimental parameters. The tables for arranging var-
ious experiment trials have been listed in the referénce.
Compared with conventional statistical methods, such as the
Taguchi and orthogonal design methddsthis statistical
experiment method decreases further the number of trials
for processes involving a large number of factors and graded
into larger numbers of factor levels.

The experimental trials for the three investigated process
parameters were arranged according to Tablg(10?5) of
the uniform design experiment, as listedlable 1 The de-
sign scopes of the three process parameters were determined

2.2. The combined process and statistical experiment

The combined process set up comprised a Sulzer-Metco
Type 6P-1l thermospray gun and a Rofin-Sinar Cl@ser
(Rofin-Sinar, Germany) emitting at 1Quin and operating
in the continuous wave (CW) TEM* mode, with a max-
imum output power of 1.2 kWHig. 4). Feedstock powder
particles used for chemical surface modification are injected
into the flame jet where they are partially melted and pro-
pelled towards a workpiece surface moving at a certain tra-
verse velocity, to produce a coating. At the same time, a
continuous CQ laser, with sufficient intensity, is incident
on the produced coating, leading to the formation of a melt

poc_)I,. QUe to a very intensive heat flux. The melt pool then from several preliminary experiments, ensuring that visible
solidifies to produce_ a dense treated track._ melt pools were produced for all the trials. Table 1 the

For such a combined process, t_he quality of the treated laser power and powder feed rate were graded into 10 lev-
track on the refractory sgrfacel is influenced by a number els, while the workpiece traverse velocity was graded into
Qf process parameters, mcludmg laser POWer, b(_aam Pr0-five levels. The three parameters, graded into the 10 and 5
file, spot size, flame burning gas, spray d|stanF:e, Jet angle'Ievels, were arranged into 10 experimental trials. With the
powder gas flow, powder feed rate and workpiece traverse giner process parameters fixed, the laser beam had a circular

beam with cross-sectional geometry of 16 mm diameter. It is

2a
le—>{
Laser beam

' Table 1
? Flame gun The investigated process parameters for experimental trials designed ac-

cording to a Table kh(10?5) of the uniform design experiment

Experimental  Laser power, Powder feed Workpiece traverse

Flame jet trial x1 (W) rate,xo (g/min)  velocity, x3 (mm/s)
Powde UP0800FO5V5 800 3.2 5
UP0950F10V5 950 6.4 5
UP1100F15v4 1100 9.6 4
UP0700F20Vv4 700 12.8 4
UP0850F25V3 850 15.5 3
UP1000F04V3 1000 2.6 3
UP1150F07Vv2 1150 4.8 2
UP0750F12v2 750 8.0 2
) - ) ) UP0900F17V1 900 11.2 1
Fig. 4. Schematic diagram showing the combined process set up for ﬂameUP1050F22V1 1050 14.1 1

spraying and laser surface treating.
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known that a larger laser beam can decrease the temperaturan optical stereomicroscope image of an as-treated surface
gradient and cooling rate during processing by providing a of a sample, showing the crack morphology. It should be
larger incident area and a longer heating time when com- noted that such observations and measurements are only
pared with a smaller laser beam. Thus, a large laser beanvalid for cracks oriented perpendicular to the workpiece sur-
should help to achieve stable phase constituents and reducéace, but not for cracks oriented parallel to the workpiece
thermal-induced stresses. The flame spraying method usedurfaces. Fortunately, no obvious cracks oriented parallel to
acetylene and oxygen, and the gas flow rates were as recthe workpiece surfaces were observed in the cross sections
ommended by Sulzer-Metco for spraying alumina powder of the treated tracks, cut using a Struers Accutom-5 cutting
105SFP, i.e. an acetylene flow rate of 50 I/min under a pres-machine (Struers, Germany). For comparison between ex-
sure of 1.0 bar and an oxygen flow rate of 421/min under a perimental trials, the measured crack data were expressed
pressure of 2.1 bar. The flame jet center, 130 mm from the as crack length per unit surface arég) and crack density
flame gun nozzle, impinged on the workpiece surface ap- (Dc) for every treated track, according Exs. (1) and (2)
proximately 20 mm ahead of the laser beam center to avoidrespectively.

the molten materials in the melt pools from being blown

away by the dynamic flame jet. The spray angle of the flame L = & (1)
jet impinging on the workpiece surface was’6While the LxWw
laser beam was perpendicular to the surface. The feedstoc n

@)

powder was delivered into the flame jet using a Praxair pow- CT I xw
der feeder (Praxair Thermal Spray Products, Model 1264,

USA) with an argon gas flow of 81/min as carrier gas. The number of cracks measured on a treated track surfaared
kpi i i %y CN le. : i
workpiece specimens were driven by>x#y CNC table W are, respectively, the length and width of the treated track

The process optimization has focused on decreasing the

occurrence of cracks in the treated tracks. The occurrencesurface' . .
The crack length per unit surface area and crack density

of cracks in the treated tracks were directly associated with | hich lated with the i tiqated
thermal-induced and/or residual stresses. However, these/2'UES, Which are correlated wi € investigated process

thermal-induced and/or residual stresses would release tooarameters, the laser power, pgwder feed rat-e and workp_|ece
a certain degree as soon as they went beyond the craclyeloc'ty' can be expressed using the following polynomial

strength. Therefore, the residual stress measurement Wagquaﬂon%o

impracticable for the process optimization, and the present 3 3 3

work would pay attention to observation and measurement gy, x, xz) = le. + szz'x]' 4o

of the resulting cracks on the treated tracks. Cracks formed )

during laser surface melting of ceramics are usually ori?(;nted 3 3 3

either parallel and perpendicular to the workpiece surface. i xlf"‘lxj + Y @)
DITLTEDY

wherel; (i = 1, ..., n) are the length data, amds the total

i=li<j

Observation and measurement of the cracks on the as-treated
surfaces of the single tracks were carried out using a KY-
OWA optical stereomicroscope (KYOWA OPTICAL Model whereF(x1, X2, X3) is the crack length per unit surface area
SD-2PL, Japan) at a magnification ofX10Fig. 5 presents or crack densityxs, X2, X3 stand for the laser power, powder
feed rate and workpiece velocity, respectively, amis the
order of the polynomial equation: a value mfequal to 1
is generally used as the simple linear regression model; a
value of m equal to 2 is sometimes used as the quadratic
model for better fitting of experimental data. In the present
analysismvalues of both 1 and 2 were used and compared.
Once the data for the crack length per unit surface area
and crack density from the experimental trials are obtained,
the polynomial equations relating to the investigated process
parameters can be established by regression analysis. How-
ever, in the uniform design experiment, the total number of
the experimental trials, 10, ifable 1 is too small to regress
directly the experimental results Eqg. (3)with an order of
m more than 1. Thus, the items Hq. (3)that negligibly
influence the crack length per unit surface area or crack den-
sity should be removed, and only those that are statistically
significant to the crack length per unit surface area or crack
Fig. 5. An optical stereomicroscope image of the as-treated track of d€NSity are retained in the regressed equatichise meth-
sample UP0850F25V3, showing the crack morphology. ods to sift the items include the best subset regression, the

i=li<j
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Table 2 The microstructural observation and element analysis
The investigated process parameters for experimental trials to evaluate\yare performed on polished cross sections of the treated
whether or not the present statistical approach is valid for optimizing the tracks using a scanning electron microscope (SEM) consist-
process parameters . ) -
ing of an AMRAY 1810 SEM and ISIS X-ray microanalysis
Experimental  Laser power, Powder feed Workpiece traverse (EDX) workstation. For preparation of the polished Cross

trial X (W) rate. xp (g/min) _ velocity, xa (Mm/s) sections, the samples were first cut to the required dimen-
CPO900FLOVL 900 64 ! sions, 28 mmx 10mm x 5mm, and then mounted using
CP0850F05V1 850 3.2 1 . .
CP1000FO5V1 1000 39 1 epoxy resin. The mounted samples were successively ground
CPOB00F05V1 600 3.2 1 with Struers MD-Piano 220 and MD-Allegro (with diamond
CP1200F20V5 1200 12.8 5 slurry of 15um in size) for 5 and 10 min and, finally pol-
ggi;ggiggxi 1588 22 i ished using MD-Plan and MD-Dac clothes with diamond
OP1200F0SV2 1200 32 ) slurries of 6 and 3m for 15 and 60 min, respectively.
CP1200F05V3 1200 32 3

CP1200F05V4 1200 3.2 4

CP1000F05V4 1000 3.2 4 3. Results

3.1. Stepwise regression analysis
backward elimination procedure, the stepwise regression,
etc!! In the present investigation, the stepwise regression Table 3lists the results of the stepwise regression anal-
method was used, with a self-developed program based orysis in which the crack lengths per unit surface area of the
the Statistics Toolbox of MATLAB Version 6.0.0.88 (R12) treated tracks for the uniform design experiment were re-
on PCWIN (Mathworks Inc.). gressed as the first and second order polynomial equations

In addition to the experimental trials for the uniform de- of the investigated three process parameters: laser power,

sign experiment listed iflable 1, several experimental trials  powder feed rate and workpiece traverse velocity. Whether a
were also carried out within the design scopes of the threeregressed equation is statistically significant is judged from
process parameters, as listedlable 2 The resulting crack  the confidence level determined from the ofevalue and
length per unit surface area and crack density data werethe regression and residual degrees of freedbihe closer
further regressed as renewed polynomial equations for theto unity is the confidence level, the more significant is the
investigated process parameters. This could be consideredegressed equation. The precision of the prediction for the
as a measure to evaluate whether the present statistical apequation is determined from the residual mean square value,
proach is valid for optimizing the combined process param- e.g. if the process parameters arex, andxs, there would
eters with emphasis on decreasing the amount of cracking. be a probability of 0.95 that the predicted objective func-

tion, here the crack length per unit surface area, is within
2.3. Phase identification and microstructure observation  F(x1, xo, x3) %+ 2(residual mean squaré?.1* From Table 3

it can be seen that both the first and second order regressed

Phase identification and microstructural observation of equations are statistically significant with confidence lev-

some representative treated tracks were carried out in or-els higher than 0.95. The second order regressed equation
der to correlate the occurrence of the cracks with material has improved both the significance and prediction precision
characteristics, as well as with the investigated process pa-when compared with the first order regressed equation. The
rameters. The phases in the as-treated surfaces of the singlseecond order equation has a confidence level of 0.99 and a
tracks were identified using XRD. The data were collected prediction error 0f+0.06 mm/mm. According to the sec-
using a Philip X’pert APD, PW3710 diffractometer (Philips ond order equation, the crack length per unit surface area is
Co., Netherlands). The experimental conditions included, ainfluenced by the laser power, the powder feed rate and the
Cu target, operated at 50 kV and 40 mA, Odutomatic di- workpiece traverse velocity. The higher is the laser power
vergent slit and 0.05mm receiving slit. The collected data and the lower are the powder feed rate and the workpiece
angles ranged from 5.025 to 84.976 26 with a step size  traverse velocity, the lower is the crack length per unit sur-
of 0.05 and a counting time of 2's per step. face area.

Table 3
Results for the stepwise regression analysis in which the crack lengths per unit surface area of the treated tracks of the uniform design exgeriment we
regressed as both the first and second order polynomial equations of the investigated process parameters

Order Equation Source Degrees of freedom Mean square Overall Confidence level
1 410x 1071 — 3.09x 10%x; +5.66 x 103x,  Regression 2 1.5 1072 5.90 0.97
Residual 7 2.55¢ 1073
2 355x 1071 — 3.78 x 10 %x; + 1.05 x Regression 4 1.0% 1072 12.26 0.99
10 Yx3 +4.76 x 1076x1xp — 1.04 x 1072x2 Residual 5 8.87« 107
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Table 4
Results for the renewed stepwise regression analysis of the crack length per unit surface area, in which the crack data of the experimental trials wer
merged with those of the uniform design experiment

Order Equation Source Degrees of freedom Mean square Overall Confidence level
1 219x 107 — 1.17 x 107%xg Regression 3 9.55 1073 2.31 0.89

+4.64 x 1073% + 1.45 x 107%x3 Residual 17 4.14¢ 1073
2 997x 1071 —1.74x 107 3x; + Regression 3 1.5% 1072 4.81 0.99

8.57 x 107 "x% + 1.79 x 10 3x2x3 Residual 17 3.15¢ 1073

Table 4 presents the results for the renewed stepwise regressed equation. They are in reasonable agreement with
regression analysis of the crack length per unit surface each other for all the experimental trials.
area, in which the crack data from the experimental trials, Table 6lists the results for the stepwise regression anal-
listed in Table 2 were merged with those from the uniform ysis in which the crack densities of the treated tracks from
design experiment. The renewed first order equation has athe uniform design experiment were regressed as the first
relatively low significance, with a confidence level of 0.89. and second order polynomial equations of the investigated
As for the results listed iffable 3 the renewed second process parameterfable 7lists the results for the renewed
order regressed equation Table 4also has higher signifi-  stepwise regression analysis of the crack density, in which
cance and prediction precision than the first order regressedhe crack data from the experimental trials, listedable 2
equation. The renewed second order regressed equation isvere merged with those of the uniform design experiment.
statistically significant, with confidence levels of 0.99. The Both the first and second order equations listedable 6
second regressed equations, listedrables 3 and Aboth are statistically significant and have high prediction preci-
indicate that the crack length per unit surface area decreasesion. However, once the crack density data from the exper-
with decrease in powder feed rate and workpiece traverseimental trials listed inTable 2are incorporated into those
velocity. Furthermore, the renewed second order equation inof the uniform design experiment, not only do the statis-
Table 4shows that, under low powder feed rate and work- tical significance and prediction precision of the regressed
piece traverse velocity, the crack length per unit surface equations obviously decrease, but, also, the effects of the
area decreases to a minimum value of 0.11 mn?rmith investigated process parameters on the crack density show
increasing the laser power up to 1015W, then increasesdifferent and, even, contrary trends. The second order equa-
with further increase in the laser powéiig. 6 presents a  tion in Table 6shows that the crack density decreases with
graph showing the crack length per unit surface area as aincrease in both the laser power and the workpiece traverse
function of laser power, at the powder feed rate of 3.2 g/min
and workpiece traverse velocity of 1mm/s. Although the Table 5 _ _ _
prediction error for the renewed second order equation haSComparlson of the experimental crack lengths per unit surface area W|t_h
. . the values calculated from the renewed second order regressed equation
increased tat0.10 mm/mn, it should be acceptable for |isied in Table 4
predicting disordered systems, such as cratible 5com-

pares the experimental crack length per unit surface are Er;;ﬁ)e”menta' E;Iﬁee”mema' \S/:Ll:;g%':‘d;?e Sﬁﬁt'&)
with the value calculated from the renewed second order (mm/mn?) equation (mm/m)

UP08OOFO5V5  0.14 0.18 26.7
UP0950F10V5  0.11 0.17 60.7
0.5 E— UP1100F15V4  0.12 0.19 59.0
IR Predicted values UPO700F20V4  0.26 0.29 133

04t ®  Experimental points UP0850F25V3  0.30 0.22 -26.1
UP1000F04V3  0.14 0.14 5.7

UP1150F07V2  0.28 0.20 -28.1

< UPO750F12V2  0.15 0.14 -2.0
£ UP0900F17V1  0.13 0.14 10.6

% UP1050F22V1  0.13 0.13 —2.7

o CP0O900F10V1  0.16 0.14 —13.4
CP0850F05V1  0.11 0.14 25.1

CP1000F05V1  0.12 0.12 -2.3
CPO600F05V1  0.25 0.27 6.7

0.0k . . . : L . CP1200F20V5  0.26 0.26 —2.2

600 700 800 900 1000 1100 1200 CP1200E05V5 032 017 _475
X, (W) CP1200F05V1  0.11 0.15 28.5
. ) ) CP1200F05V2  0.12 0.15 225
Fig. 6. Crack length per unit surface ardas, _as a functlor_1 of laser CP1200F05V3 0.14 0.16 12.7
power, x1, at the powder feed rate of 3.2g/min and workpiece traverse CP1200F05V4 0.14 0.16 213

velocity of 1 mm/s. Note that the dash lines stand for the prediction error CP1000F05V4

0.17 0.14 —20.6
with a probability of 0.95.
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Table 6
Results for the stepwise regression analysis in which the crack densities of the treated tracks of the uniform design experiment were regressed as the
first and second order polynomial equations of the investigated process parameters

Order Equation Source Degrees of freedom Mean square Overall Confidence level
1 1.02x 101 — 6.81 x 10%%; — 4.90x 103x3  Regression 2 55% 104 431 0.94
Residual 7 1.28¢< 104
2 124x 1071 — 1.16 x 10~%x; + Regression 3 516 10% 6.54 0.97
1.60 x 1075x1x3 — 3.27 x 1073x3 Residual 6 7.81x 107°
Table 7

Results for the renewed stepwise regression analysis of the crack density, in which the crack data for the complemented experimental trialsdwere merg
with those of the uniform design experiment

Order Equation Source Degrees of freedom Mean square Overall Confidence level
1 1.24— 6.51 x 107, Regression 1 1.60 1.64 0.78

Residual 19 9.78¢< 107!
2 1.16 — 2.74 x 1071 4+ 2.29 x 10*x1x2 Regression 2 1.71 1.83 0.81

Residual 18 9.3x 107!

velocity, and is not significantly influenced by the powder lower laser power and/or a larger powder feed rate lead to
feed rate. However, the renewed second order equation inthe resulting treated tracks consisting mainlycefl 203,
Table 7shows that the crack density increases with increas- with smaller amounts of eskolaite (CP0600F05V1 and
ing laser power and decreasing powder feed rate, and is notCP0900F10V1). With increase in laser power, the re-
significantly influenced by the workpiece traverse velocity. sulting treated tracks are mainly comprised of mullite
Consequently, there is an apparent difference between thewith some cristobalite and-Al,O3 (CP0850F05V1 and
experimental crack density and the value predicted from the CP1000F05V4). With further increase in laser power,

renewed regressed equatiofialfle 3. cristobalite andv-Al 203 in the corresponding treated tracks
S are decreased and, even, eliminated (CP1000F05V1 and
3.2. Phase identification CP1200F05V4). For identical laser power and powder

. feed rate, a faster workpiece traverse velocity results in a
Fig. 7 shows the XRD spectra for several representa-

tive treated tracks. From these spectra, it is evident that a

c: Cristobalite [SiO,]
o: Eskolaite [Cr,0.]
Table 8 w(10) o Mullte [i\ldsriuok]
Comparison of the experimental crack densities with values calculated o Corundum [AL,O]
. . . B: -Alumina [ALO,]
from the renewed second order regressed equation list@dlite 7 «(012)
Experimental  Experimental  Value from the Relative CPOB0OF05VA e o
trial value (1/mnf)  second order error (%) +(002) (012 o116 1) o)
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Fig. 8. Back scattered scanning electron micrographs of a polished cross section of sample, CPO600F05V1: (a) whole view, (b) melt/subsgate interfa
(c) cellular/dendritic structure, relatively dense region; the callouts present the EDX results of quantitative analysis by weight, (d) &inttgr re
porous region.

Fig. 9. Back scattered scanning electron micrographs of a polished cross section of sample, CP1000F05V1: (a) whole view, (b) melt/subsgate interfa
(c) elongated mullite grains, between which a eutectigO4| SiO, and CpOs is observed, relatively dense region, (d) another relatively porous region,
elongated mullite grains interlocked together are clearly observed.
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relatively lower amount o&-Al O3 in the treated track than  velocity tends to produce relatively finer mullite grains in

a slower workpiece traverse velocity (CP1000F05V4 and addition to smaller melt track${g. 10 than a slower work-
CP1000F05V1). In addition, there exists a small amount of piece traverse velocityH{g. 9). In addition, inFigs. 8-10
B-Al>03 in some treated tracks; this can be attributed to it can be seen that there exists gradual transition regions
some partially molten feedstock particles embedded within around the melt/substrate interfaces, large pores along the

these tracks during the processirig. interfaces or within the treated surface layers as well as
a few cracks vertical to the surface. The results of EDX
3.3. Microstructure observation guantitative analysis indicate that the amounts ofG4l in

the treated surface layers are increased compared with the
Observations using the SEM revealed that the microstruc- amount of the as-received refractory bri¢kd. 2).
tural morphologies of the treated tracks could be clearly
correlated with their phase compositions. In the case where
a-Al,03 is the main phase, the treated tracks exhibit the 4. Discussion
typical cellular/dendritic microstructures of materials pro-
duced by rapid solidification processing, consisting of  Cracks in materials belong to disordered systeénasd,
cellular/dendritica-Al 203 grains and a small amount of thus, are difficult to be quantitatively related to material

a white phase, between cellular/dendriieAl O3 grains. process parameters. In order to optimize the process pa-
It is difficult to identify the white phase. According to the rameters, investigations of the laser surface melting of var-
XRD and EDX results and referring to the SiAl,03 and ious ceramic materigls*1% have characterized thermally

Al,03—Cr,03 phase diagram¥;18 the white phase may be  induced cracks in terms of crack length, width, density,
the eutectic AJO3, SiO, and CpOs (Figs. 7 and 8 For direction and morphology as well as the thickness of the
cases where mullite is the main phase, the treated tracks areorresponding treated layers. In contrast, the present op-
comprised of elongated mullite grains, interlocked together, timized process using the statistical approach has simply
with small amounts of white phase between the interlocked considered the cracks in terms of crack length per unit
grains Figs. 9 and 1P Again, the white phase may be surface area and crack density. In particular, this requires
the eutectic AJOs3, SiO; and CpOs. Under identical laser  fewer experimental trials than previous investigatfolst®
power and powder feed rate, a faster workpiece traversefor similar ranges of process parameters. It should be stated

Fig. 10. Back scattered scanning electron micrographs of a polished cross section of sample, CP1000F05V4: (a) whole view, (b) melt/sulssteate interf
(c) elongated mullite grains, between which a eutectig®3| SiO, and CpOs is observed, relatively dense region; the callouts present the EDX results
of quantitative analysis by weight, (d) another relatively porous region.
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that the present statistical approach has not been used tof the various alumina phas&%there is about 7% shrink-
develop models, but mainly to predict the effects of the age in volume fromy-Al,O3 to a-Al203. Thus, a higher
process parameters on the occurrence of cracks. The resulta-Al,O3 content in a treated track would be responsible for
obtained show that the present statistical approach is validgreater volume shrinkage and, thus, a larger shrinking stress.
for optimizing the process parameters needed to obtain aOn the one hand, with a decrease in thé\l,03 content
reduction in the occurrence of cracks when the crack length and an increase in the mullite content in the treated tracks,
per unit surface area is chosen as the objective function, butthe shrinking stresses associated with the transformation of
is not valid when the crack density is the objective function. y-Al>,0O3 to «-Al>,03 are reduced; on the other hand, the
The validity of the former can be justified from the fol- elongated and interlocked mullite grains, of high strergth,
lowing facts: the trends in the crack length per unit surface improve the resistance to thermally induced cracks. Both
area as a function of the investigated process parameters refactors are consistent with the fact that the crack length per
flected by the regressed second order polynomial equationunit surface area decreases with decrease inxtié,O3
listed in Table 3and the renewed second order polyno- content in the treated tracks. XRD results have indicated
mial equation listed inTable 4 are approximately identi-  that thea-Al,O3 content decreases and the mullite content
cal. The crack length values predicted from the renewed of a treated track increases with increase in laser power and
equation are in reasonable agreement with the experimen-decrease in powder feed rateid. 7). Therefore, the rela-
tal data Table 9. The treated tracks, CPO850F05V1 and tionships between the extent of cracks and the investigated
CP1000F05V1, prepared using process parameters close tprocess parameters reflected by the regressed equations
the optimized parameters determined from the renewed secdisted in Tables 3 and £an be reasonably correlated with
ond order polynomial equation listed Table 4 have fewer the material characteristics of the treated tracks.
cracks and are, even, free of macro-cracks when observed The invalidity of the present statistical approach when the
by eye, although that some micro-cracks can be observedcrack density is chosen as the objective function is concluded
by SEM (ig. 9). Also, if the crack length per unit surface from the fact that the regressed equationsTable 6 and
area is used to specify the extent of cracks, the trends inthe renewed regressed equation3aible 7exhibit different
the crack length per unit surface area as a function of the and, even, opposite trends in the dependency of crack den-
investigated process parameters reflected by the regressedity on the process parameters; there is a significant differ-
equations can be closely correlated with evolution of the ence between the experimental crack density and the value
phases and microstructures of the treated tracks with respecpredicted from the renewed regressed equatidablé §.
to the process parameters, as discussed in the following. This may be because the crack data measured under the op-
As for laser surface melting of similar refractory tical stereomicroscope were close to the true values in terms
ceramics’* when the laser power is high enough, the extent of total crack length, but deviated in terms of the number
of cracks decreases with decreasing workpiece traverse veof cracks in the treated tracks. Due to the resolution of the
locity. This is because a slower workpiece velocity tends to optical stereomicroscope, cracks shorter than 0.5mm were
decrease the cooling and solidifying rates of the correspond-neglected in the crack measurement procedure. Although
ing melt pool and, hence, decrease the thermal-inducedshorter cracks can be measured on polished cross sections of
stresses to some extent. A slower workpiece traverse veloc-the treated tracks using a SEM or an optical microscope with
ity corresponding to lower cooling and solidifying rates of higher resolution, the resulting crack data, expressed as the
the melt pool can be directly confirmed from the microstruc- crack length per unit area of the cross section and the crack
tures of the treated tracks, shown kigs. 9 and 10The density, became irregular when correlated with the investi-
treated track produced using a slower workpiece traversegated process parameters. This may be because some cracks
velocity (Fig. 9) obviously has a coarser microstructure than in the polished cross sections result from cutting, grounding
that produced using a faster workpiece traverse velocity and polishing of the samples; this leads to further complex-
(Fig. 10. A laser power greater than 1015 W would tend to ity in correlating the crack data with the process parameters.
increase the crack length per unit surface area with further Thus, such data are not presented in the present paper.
increase in the laser power; this could be related to the Large pores along the interfaces or within the treated
fact that a high laser energy may produce larger tempera-surface layers resulted from aggregation of pores in the
ture gradients and, hence, larger thermal stresses across themolten substratesF{gs. 8-10. These large pores were
treated track™ In addition to the thermally induced stress, mainly along the interfaces between the treated surface
a stress resulting from changes in volume during the phaselayers and the substrates. Such a distribution of large pores
transformation ofy-Al 03 to a-Al 203 during solidification was similar to that observed in single laser melting of simi-
of the melt pool could be a more important factor in gener- lar refractory ceramic$? Following the theoretical modeis
ating cracks. It has been found, from identification of the developed by Triantafyllidis et &P for describing the final
phase constituents of treated tracks using the XRD method,boundary porosity and pore size, these large pores could be
not reported here, that the sequence of alumina phasesttributed to pore coalescence and healing of small pores
formed from melt pool during the combined processing is due to motion of bubbles in the laser-induced melt pools.
y — § — 6 — «a. According to theoretical density values Consequently, a higher laser energy density should lead to
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relatively larger average radius and smaller average num-low powder feed rate of 3.2 g/min and workpiece traverse
ber of these larger pores per unit volume in the vicinity of velocity of 1 mm/s, the crack length per unit surface area de-
the interfaces. However, the initial porosity and pore size creases to a minimum value of 0.11 mm/fwith increase
distribution in the treated substrates were the predominatein the laser power to 1015 W, then increases with further in-
factors in such large pore formation, as predicted by Tri- crease in the laser power. The treated tracks, prepared using
antafyllidis et al.’s model$? On the one hand, an identical process parameters close to the optimized parameters deter-
type of refractory substrate has been used for all the presenmmined by the renewed second order polynomial equation of
treated samples. On the other hand, as a result that the multhe crack length per unit surface area, contain fewer cracks
lite aggregates, 1-4 mm in size, in the as-received substratesnd are, even, free of macro-cracks when observed by the
were comparable to widths of the present laser-treated sur-human eye, even though some micro-cracks can be observed
face layers, the initial porosity and pore size distribution by SEM.
in the substrates varied largely between different cross sec- When the crack length per unit surface area was used as
tions of an identical treated sample. Thus, the porosity and the measure of the extent of cracks, the renewed second re-
pore size distribution were not characterized in the presentgressed equation of the crack length per unit surface area
work. could be correlated with the evolution of phases and mi-
In addition, phases adjacent to the melt/substrate inter-crostructures in the treated tracks with respect to the pro-
faces showed excellent bonding between the treated surfaceess parameters. This was because reducing the powder feed
layers and the substrateBids. 8-10, which is necessary rate corresponded to decreasing &h&l,03 content in the
for improving the high-temperature performance of the re- treated tracks; this could effectively reduce the stress re-
fractory brick. When mullite was the main phase, the cristo- sulting from volume changes during the transformation of
balite contents of the treated surface layers were decreased-Al,03 to a-Al,03 during solidification of the melt pool.
or, even, eliminated, when compared with the as-received Decreasing the workpiece traverse velocity corresponded
refractory brick Figs. 3 and Y. This means that the residual to decreasing the cooling and solidifying rates of the melt
cristobalite in the as-received refractory brick has reacted pool, and, thus, the thermally induced stress; this has been
with the sprayed powder particles during processing. confirmed from the obviously coarser microstructure of the
treated track produced using a slower workpiece traverse ve-
locity than that produced using a faster workpiece traverse
5. Conclusion velocity.
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