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Armor steels in the defense industry are widely used in ballistic applications due to their high mechanical strength
and toughness. Problems caused by wear and in service conditions have limited the life of these steels. In recent
years, the laser cladding method is one of the preferred hard-facing method. Laser powder cladding is a widely used
process for improving the surface and near-surface properties of a metallic part or to resurface a component that
has become worn through use. Cladding involves the creation of a hard surface layer on substrate. Compared with
welding methods, cladding offer lower heat-related distortion, reduced dilution, extremely low porosity and better
surface uniformity. In this study, martensitic stainless steel powders were deposited using the laser cladding method
to improve the surface resistance of armor steel. In experimental studies, the effects of process parameters (laser
power, laser speed and powder feed rate) on the layer were investigated. The microstructure and dilution properties
of the cladding layers were examined. It was determined that the cladding layer structure had a high hardness and a
low dilution, as well as a completely martensitic phase. Increased surface resistance with laser cladding increased
both the service life and wear resistance of armor steel.
1. Introduction
Armor steels are special alloys that combine the mechanical
strength and toughness properties used in ballistic applications.1

Protection of the surface of the armor steel against atmospheric
corrosion and under wear conditions improves its service life and
performance. Crack formation under variable stress loads starts on
the metal surface, and surface resistance can be increased with
hard protective coatings. With thermal spray-coating methods,
fatigue crack propagation can be delayed on metallic parts.
However, the non-metallurgical adhesion strength of the coating
limits the coating life.2 The most important feature of the laser
cladding process is the high adhesion strength. Laser cladding of
martensitic stainless steel offers distinct advantages, including low
dilution, low heat input, less distortion, improved mechanical and
corrosion properties and excellent repeatability and control of
process parameters.3–5 The laser cladding process quality varies
depending on the properties of powder and substrate and the
variety of process parameters, such as laser power, powder feed
rate, spray distance and scan speed. These parameters need to be
controlled during the process.6–8 In this experimental study, the
effects of laser cladding process parameters on the martensitic
stainless steel cladding layer were investigated in order to
improve the surface resistance of armor steel.

2. Experimental procedures
Laser cladding has been proven an ideal coating method for
producing wear-resistant layers on industrial metallic components.
In experimental studies, robotically controlled laser cladding
(Erlas; neodymium (Nd)-doped yttrium (Y) aluminum (Al) garnet
laser 2·2 kW) was performed on martensitic chromium (Cr)
stainless steel powders (Metco 42C; 0·18% carbon (C), 17%
chromium, 2% nickel (Ni)) (Figure 1; particle size range: −106 +
45 mm, water-atomized, irregularly shaped). In the powder size
distribution analysis results, the average powder size (D50) was
89·70 mm. Metco 42C produces coatings that combine good wear
resistance and impact strength with the best corrosion resistance
of any martensitic stainless steel. A coaxial powder-feeding
system was used to convey the powders, and a six-axis robot
system was selected to control the movement of the laser head
and the nozzle (Figure 2). Inert argon (Ar) gas was used to carry
the powders and protect the molten pool. Laser cladding was
performed on 6 mm flat plate armor steel substrate (Armox 500T;
wt.%: 0·32 carbon, 0·4 sulfur (S), 1·2 manganese (Mn), >1 NiCr).
Armox 500T steels (tensile strength: 1500–1750MPa; elongation:
8–10%, impact resistance: 32 J/−40°C) are plate products that
combine good ballistic properties with excellent toughness. In this
experimental study, the effects of different laser cladding process
parameters (Table 1) on the cladding layer were investigated. The
microstructure of the clad coating was examined under an
electron microscope (scanning electron microcopy (SEM)–energy-
dispersive X-ray spectroscopy); the dilution rate was calculated
using image analysis. The microhardness of the cladding was
taken from different regions by using a Vickers indenter (300 g,
15 s), and the hardness profile was obtained. A corrosion test was
carried out according to the ASTM B 117-18 standard.9
3. Results and discussions

3.1 Cladding layer microstructure
Figure 3 shows the microstructure of the laser coating near the
coating/substrate interface, as well as details of the microstructure
in the middle of the coating. The cross-sectional 42C martensitic
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stainless steel cladding layer showed no microcracking with a
good fusion bond. As a result of optimized process parameters,
the cladding layer had a completely martensitic structure. With
increasing cooling rate, the characteristic microstructure size
56
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decreased and the interdendritic phases became more refined for
all layers.
3.2 Dilution of the cladding layer
Laser cladding requires the achievement of a strong fusion bond
between the cladding material and the substrate, which, in turn,
requires the formation of a melt pool in the substrate. It has to be
noted, however, that the depth of this melt must be as small as
possible in order to obtain a pure surface layer that is not diluted
by the base material. The dilution is defined as the ratio of the
clad depth (Dc) in the substrate over the total clad height (Tc).
Dilution increases with increasing power and decreases with
increasing powder feed rate. Table 2 shows the dilution ratio
change due to laser cladding parametric experiments.
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Figure 1. SEM micrograph of the laser cladding powders and powder morphology
(b)(a)

Figure 2. Laser cladding application and samples
Table 1. Laser cladding process parameters
Process parameter
 Value
Laser power: W
 800–2000

Powder feed rate: g/min
 1–15

Shield gas
 Argon

Scan speed: mm/min
 100–2000

Nozzle diameter: mm
 6

Spray distance: mm
 12

Shield gas pressure: bar
 3
71/jemmr_18_00120.pdf by guest on 28 July 2026
nloaded from http://ftp.nowpublishers.com/jemmr/article-pdf/9/1/55/33



SEM HV: 20·00 kV
View field: 4·60 mm
SEM mag.: ×50

WD: 14·72 mm
Det.: BSE
Date (d/m/y): 03/30/18

1 mm
VEGA\\ TESCAN

Sakarya University

Dc

SEM HV: 20·00 kV
View field: 1·47 mm
SEM mag.: ×156

WD: 3·771 mm
Det.: BSE
Date (d/m/y): 05/09/18

200 µm
VEGA\\ TESCAN

Sakarya University

Armor steel

Emerging Materials Research
Volume 9 Issue 1

Laser cladding of martensitic stainless
steels on armor steels
Altuncu and Tarım

Download
3.3 Microhardness profile
Hardness, as an important characteristic that influences wear
performance, was measured to quantify the quality of the clad
coatings. Figure 4 shows the depth profile of Vickers hardness
measured through the cross-section of the laser cladding on the
armor steel substrate. The microhardness of the cladding layer
and bonding surface was higher than that of the substrate.
The substrate hardness was 400 ± 20 HV0·3 on average.
Microhardness of cladding layer was about 620 ± 50 HV0·3, and
this value is too higher than the substrate metal. This is owing
to the presence of a hard phase in the cladding layers. The
microhardness variation with the increasing plasma power was
examined (800–2000W) were examined, the lowest hardness
(510 ± 15 HV0·3) of the cladded layers was obtained at the lowest
plasma power (800W) and the highest hardness values (650 ±
20 HV0·3) were obtained at 1200W (constant scan speed 200mm/
min; feed rate: 6 g/min; pressure: 3 bar). The microstructural
properties of the cladding layer depend on the laser power; when
the laser power is low, the powder cannot be melted properly, so
ed from http://ftp.nowpublishers.com/jemmr/article-pdf/9/1/55/3358871/je
microcracks will develop, and if the laser power is high, then the
problems of overheating, changes in the microstructure and high
dilution can be encountered, which can decrease the surface
resistance. The scanning speed of the laser cladding process is a
more significant parameter for obtaining a good-quality cladding
layer. The height, width and thickness of the cladding layer depend
on the scanning speed. When the scanning speed is appropriate,
then the cladding layer has better properties, such as no cracks and
gas porosity and good metallurgical bonding with the base
material. The cladding thickness depends on the feed rate. Coating
thickness is directly proportional to the powder feed rate.

4. General conclusions
This research investigated the relationship between different process
parameters and the hardness and dilution properties of laser cladding.
The results showed evidence of the different characteristics of the
laser cladding coatings using different laser powers and scan speeds
on the surface. Martensitic stainless steel layers were deposited
successfully on the surface of the armor steel by the laser cladding
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Figure 3. SEM microstructures of the cladding layer and interface
Table 2. Dilution ratios of the laser cladding experiments
High laser power
 45%
High power

Tc
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Clad layer

Optimized power
Medium laser power
 22%
Optimum laser power
 <5%
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process. It was determined that the desired cladding layer could be
produced without defects by optimizing the process parameters.
Laser power has the primary effect on the width and depth of the
cladding layer. The scanning speed has a significant effect on the
cladding layer height. The optimum laser cladding process
parameters obtained in this experimental study were 1200W plasma
power, 3 bar gas pressure, 6 g/min powder feed rate and 200mm/min
scanning speed. Laser cladding is a highly controllable/repeatable
and efficient hard-facing process. The results can be used as a
guideline for the selection of proper processing parameters for laser
cladding. The increased surface resistance of armor steel obtained
58
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using the laser cladding method increased both its service life and
wear resistance. Laser-cladded armor steels have 2·5 times higher
corrosion resistance than uncoated ones. No corrosion was observed
on cladded surfaces for 240 h.
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Figure 4. Microhardness profile of the optimized cladding layer



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Europe ISO Coated FOGRA27)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AbadiMT-CondensedExtraBold
    /AbadiMT-CondensedLight
    /AndaleMono
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellGothic-Black
    /BellGothic-Bold
    /BellGothic-Light
    /BernardMT-Condensed
    /Bodoni
    /Bodoni-Bold
    /Bodoni-BoldCondensed
    /Bodoni-BoldItalic
    /Bodoni-Book
    /Bodoni-BookItalic
    /Bodoni-Italic
    /Bodoni-Poster
    /Bodoni-PosterCompressed
    /Bodoni-PosterItalic
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /Braggadocio
    /BritannicBold
    /BrushScriptMT
    /CalisMTBol
    /CalistoMT
    /CalistoMT-BoldItalic
    /CalistoMT-Italic
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CopperplateGothic-Bold
    /CopperplateGothic-Light
    /CurlzMT
    /Desdemona
    /EdwardianScriptITC
    /EngraversMT
    /EngraversMT-Bold
    /EurostileBold
    /EurostileRegular
    /FootlightMTLight
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /GillSans-UltraBold
    /GloucesterMT-ExtraCondensed
    /GoudyOldStyleT-Bold
    /GoudyOldStyleT-Italic
    /GoudyOldStyleT-Regular
    /Gulim
    /Haettenschweiler
    /Harrington
    /Impact
    /ImprintMT-Shadow
    /KinoMT
    /LatinWide
    /LucidaBlackletter
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSans-TypewriterBoldOblique
    /LucidaSans-TypewriterOblique
    /MS-Gothic
    /MS-Mincho
    /MS-PGothic
    /MS-PMincho
    /MaturaMTScriptCapitals
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /NewCaledonia
    /NewCaledonia-Black
    /NewCaledonia-BlackItalic
    /NewCaledonia-Bold
    /NewCaledonia-BoldItalic
    /NewCaledonia-BoldItalicOsF
    /NewCaledonia-BoldSC
    /NewCaledonia-Italic
    /NewCaledonia-ItalicOsF
    /NewCaledonia-SC
    /NewCaledonia-SemiBold
    /NewCaledonia-SemiBoldItalic
    /NewsGothicMT
    /NewsGothicMT-Bold
    /NewsGothicMT-Italic
    /Onyx
    /PerpetuaTitlingMT-Bold
    /PerpetuaTitlingMT-Light
    /Playbill
    /Rockwell
    /Rockwell-Bold
    /Rockwell-BoldItalic
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /Sabon-Bold
    /Sabon-BoldItalic
    /Sabon-BoldItalicOsF
    /Sabon-BoldOsF
    /Sabon-Italic
    /Sabon-ItalicOsF
    /Sabon-Roman
    /Sabon-RomanOsF
    /Sabon-RomanSC
    /SimSun
    /Stencil
    /Symbol
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanPS
    /TimesNewRomanPS-Bold
    /TimesNewRomanPS-BoldItalic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-Italic
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Universal-GreekwithMathPi
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Wingdings
    /Wingdings2
    /Wingdings3
  ]
  /NeverEmbed [ true
    /Arial-BlackItalic
    /ArialUnicodeMS
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /LucidaConsole
    /TimesNewRomanMT-ExtraBold
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    23.95276
    23.95276
    24.12284
    24.12284
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ([Based on 'Sheridan'] Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


