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TransformationofMicrostructureandMechanical Properties 

in the Machined Surface of Powder Metallurgy Superalloy

Du Jin,    Zhang Jingjie,    Wang Liguo

Qilu University of Technology, Jinan 250353, China

Abstract: During the machining of powder metallurgy (PM) superalloy parts, the machined surface bears severe plastic deformation 

which leads to the transformation of microstructure and mechanical properties. White layer which reflects the transformation of

microstructure and mechanical properties, often appears on the top of machined surface during hard machining of PM superalloy. 

White layer has significant effect on the machined surface integrity. The effects of cutting speed on the white layer formation have

been investigated in order to reveal the transformation of the microstructure and mechanical properties in the machined surface of 

PM superalloy FGH95. Results show that white layer thickness increases with the increasing of cutting speed. The machined surface 

exhibits densification with no obvious structural characteristics. FGH95 superalloy bulk material exists in the form of Ni-based solid 

solution, while the microstructure of white layer is significantly different from that of bulk materials. It’s because of the 

microstructure of Ni-based solid solution which has transformed during the cutting of FGH95. The higher the cutting speed is, the

more obvious the grain refinement is. A higher cutting speed could also lead to higher values of hardness in white layer. Residual 

stresses in the machined surface of FGH95 are tensile in all cutting conditions, which show an increasing trend with the increasing of 

cutting speed. This research can provide the theoretical basis for the investigation and controlling of machined surface quality.

Key words: powder metallurgy; machined surface; phase transformation; hardness measurement; residual stress

Ni-based superalloy FGH95 produced through powder 

metallurgy (PM) process has been recently developed for aero 

engine turbine and disc applications, which require high 

strength and creep resistance at elevated temperature 

(700~900 °C). Although FGH95 superalloy is formed by 

powder metallurgy process which can produce near net shape 

parts, finishing operations such as cutting, and burnishing are 

still essential to meet the tolerance requirements or to achieve 

bet ter surface quality. However, Ni-based superalloy is 

extremely difficult to machine due to its several inherent 

properties, including low thermal conductivity that leads to 

elevated temperature at the tool/chip interface during 

machining, work hardening tendency during machining that 

becomes more severe with increased strengthening of this 

superalloy, and intensive adhesion to the surface of the tooling 

during machining processes

[1-5]

. The transformation of 

microstructure and mechanical properties occurs in the 

machined surface due to the severe plastic deformation during 

the machining of FGH95. More seriously, white layer appears

on the top of machined surface owing to its high loads and 

high temperatures during the hard machining. White layer is 

one of the outcomes of microstructure and mechanical 

properties transformation in the machined surface. It becomes

white after etching when observed under a light optical 

microscope or featureless in scanning electron microscopy 

(SEM)

[6]

. White layer is generally described as consisting of a 

refined structure with a grain size of several tens of 

nanometers. Herbert and Axinte

[7]

 reported that the white 

layer generated from non-standard drilling parameters in alloy

RR1000 was face centre cubic (fcc) in structure and 

polycrystalline with an average grain size of 50nm compared 

to the bulk material of 22~63 µm (ASTM 8-5). Bushlya

 [8]
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used high resolution transmission electron microscopy 

(HRTEM) to observe the white layer on the machined surface 

of aged Inconel 718 and revealed the formation mechanism of 

nanostructured material with grain size of 50~150 nm. Phase 

composition of white layer was found to include phases of the 

parent bulk material. It was believed that the refinement of 

grain size was predominantly attributed to dynamic 

recrystallization and grain subdivision by severe plastic 

deformation of the near surface region. The characteristics of 

white layer were commonly recognized as resistance to etch 

by conventional methods, high microhardness and increased 

wear resistance

[9-12]

. Herbert

[7]

also presented that the white 

layer had a hardness 45% higher than the bulk material.

Ranganath

[13]

 reported that the hardness of white layers was

2~3 times higher than that of the bulk material in low cutting 

speed cases with blunt edged tools (large edge radius, negative 

effective rake angle) in the machining of Ni-based superalloy. 

Aramcharoen

[14] 

investigated that the white layer formed at 

200 m/min has extremely high hardnesses which are 41%, 

36% and 33% more than that of bulk materials for uncoated 

carbide, CrTiAlN and CrTiAlN+MoST coated tools, 

respectively. Guo and Schwach

[15]

 reported that the white layer 

was 30%~60% harder than bulk material. Furthermore, the 

hardness of white layers had a general increase trend with the 

increase of cutting speed. Akcan and Shan reported that white 

layer had a hardness of 12.85±0.80 GPa, which was about 

25% higher than that of the hardest martensitic structures

[16]

. 

The thickness of white layer increased with elevation in cutting 

parameters

[17]

. With increase in feed rate and cutting speed, 

cutting temperature increased. At the same time, strain rate in 

cutting region also increased resulting in a higher amount of 

plastic deformation and hence induced the rising of white 

layer thickness. However, variation of white layer with cutting 

speed was not always consistent

[18,19]

. Decrease in white layer 

thickness with increase in cutting speed was also 

observed

[15,20]

. One of the possible explanations might be 

lower residence time of moving heat source, reducing the 

level of thermal energy transferred to machined surface 

although temperature of cutting edge was higher. Therefore, 

regarding the white layer formation mechanisms and the 

resulting microstructural constituents the results vary a lot. 

Depending on the machining parameters, possible white layer 

formation mechanisms had been suggested to be either mainly 

thermally induced through phase transformations or mainly 

mechanically induced through severe plastic deformation

[21]

. 

Some researchers had investigated the influences of cutting 

speed and tool flank wear on white layer. Hosseini

[22,23]

reported that white layer could be formed either below ~540

°C or above ~920 °C Ac1. The authors concluded that the 

formation mechanism of the mechanically induced white layer 

was dominated by dynamic recovery where the microstructure 

was characterized by a broken-down and elongated sub-

structure containing severely elongated secondary carbides. In 

thermally induced white layer, the microstructural evolution 

was initiated by dynamic recovery, which advanced to 

dynamic recrystallization at the increased temperatures caused 

by the higher cutting speeds. The microstructure of the 

thermally induced whiter layer was characterized by equiaxed 

grains that resemble recrystallized grains and by the elongated 

and broken-down sub-surface. 

Yet, the formation of white layer poses a significant 

potential danger to fatigue life of machined surface

[24,25]

. Guo 

and Warren

[26]

reported that a turned white layer surface by a 

worn tool generates a high tensile stress in the area of the 

white layer, but becomes more highly compressive in the 

deeper subsurface than the turned one without a white layer. 

They further concluded that no white layer samples were more 

resistive to fatigue crack initiation/propagation and, therefore 

had a longer life when compared to the white layer samples 

with equivalent surface finish

[27]

. White layer also reduced the 

damping capacity of machined parts. Siva

[28]

proposed that the 

machined specimen exhibited low damping values which can 

be attributed to the formation of white layer acting as a 

protective layer to dissipate elastic strain energy which results 

in reduction of damping values. 

The fatigue life of a machined part depends strongly on its 

surface quality

[29]

. Since the FGH95 superalloy is used in 

critical engine components, the fatigue life and damping 

capacity must be resolved first. Therefore, the formation of 

white layer on the parts machined surface must be considered 

after the machining. At present, few studies are carried out on 

the white layer formation mechanism and its mechanical 

properties in the machining of PM superalloy. There is also a 

lack of researches on the influences of cutting speed on the 

white layer formation in the machining of FGH95. Therefore, 

the aims of this study are to investigate the transformation of 

microstructure and mechanical properties in the machined 

surface and then illustrate the mechanism of white layer

formation in the machining of PM superalloy FGH95. The 

cutting experiments with various cutting speeds were carried 

out to study the effects of cutting speeds on the white layer 

formation. SEM with Energy Dispersive Spectrometer (EDS) 

and X-ray Diffraction (XRD) were employed to analyze the 

bulk material and white layer’s chemical elements and 

microstructure so as to reveal the mechanism of white layer 

formation. The measurements of microhardness and residual 

stress on the machined surface were taken to test the

mechanical properties of white layer. This study can provide 

theoretical guidance on the investigation of machined surface 

integrity in hard machining of Ni-based superalloy. It also has 

an important role in the optimization of cutting parameters so

that improves the surface integrity of Ni-based superalloy.

1  Experiment

1.1  Workpiece material and cutting tool

The material applied in the cutting tests was FGH95 
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Ni-based PM superalloy. The chemical composition of FGH95 

is shown in Table 1

[30]

.

The FGH95 superalloy was cut-off into sheet specimens in 

order to mount it in a special fixture as shown in Fig.1. The 

cutting tool employed in this experiment was face milling 

cutter supplied by KENNAMETAL INC. The cutting inserts 

were SNHX12L5PZTNGP KC725M with TiN, AlTiN 

advanced PVD coatings. Before each test cutting, the insert 

was changed to a fresh one in order to eliminate the influence 

of tool wear on the machined surface integrity.

1.2  Orthogonal milling tests

Cutting tests were carried out on a 3-axis CNC machining 

center with a maximum spindle rotation speed 10 000 r/min. 

The experimental setup is shown in Fig.1. In this study, the 

thickness, grain refinements, and microhardness of white layer 

and residual stress in machined surface were investigated with 

the cutting speeds. The cutting speeds employed in this 

experiment were 40, 80, 120, 160 and 200 m/min. The 

constant axial depth of cut and radial depth of cut were 

maintained at 2 and 0.5 mm, respectively. The feed was 0.02

mm/r.

After each cutting path, the machined workpiece sheet was 

cut-off into the square specimens (10 mm×10 mm) in order to 

mount in the Bakelite. Then, the samples were polished and 

etched with 2.5% copper chloride, 48.8% hydrochloric acid, 

and 48.7% ethanol to analyze possible metallurgical changes 

beneath the machined surfaces using optical microscope and 

SEM. EDS and XRD were employed to analyze the chemical 

elements and microstructure of machined surface and bulk 

materials. Vickers microhardness tester was applied to 

measure the microhardness of the machined surface white 

layer and bulk material. X-ray stress tester was used to 

measure the residual stress in the machined surface 

perpendicular to the direction of feed.

2  Results and Discussion

2.1  Microstructure of white layer

Table 1  Chemical composition of FGH95 (wt%)

[30]

C Co Cr W Mo Al Nb Ni

0.06 8.00 12.98 3.40 3.40 3.48 3.50 Bal.

Fig.1  Workpiece and cutting inserts employed in the cutting tests

2.1.1  Metallographic of white layer

The metallographic samples of machined FGH95 were 

etched using copper sulfate solution, and then observed under 

optical microscope and SEM. The optical and SEM images of 

white layer on machined FGH95 surface are shown in Fig.2. It 

can be seen from Fig.2a that microstructures and grain 

boundaries in FGH95 superalloy bulk are visible clearly, 

which show different structure characteristics on the machined 

surface or subsurface. The machined surface of FGH95 

superalloy covers a thin layer, which is bright white under the 

optical microscope, that is white layer. The microstructure of 

white layer under the SEM is shown in Fig.2b. This layer 

exhibits significantly different microstructures from that of 

bulk materials. It shows densification, with no obvious 

structural features. From Fig.2a, a dark region appears beneath 

the white layer, which is called transition zone or plastic flow 

layer

[31]

. This region shows a strong plastic deformation flows 

along the cutting direction. It proves that the material plastic 

flow occurs along the cutting direction in the cutting process. 

From Fig. 2, the machined subsurface of FGH95 can be 

divided into two zones. One is white layer; the other is 

transition zone or plastic flow layer.

The thickness of white layer generated at different cutting 

speeds is exhibited in Fig.3. It can be seen from Fig.3 that 

cutting speeds have significant effects on the white layer 

thickness. The increasing of cutting speed increases the white 

layer thickness when other cutting parameters remain 

unchanged. This conclusion is the same as Attanasio’s 

measurement results

[10]

, because of a large amount of heat 

energy generated from plastic deformation during high speed

Fig.2 Microstructures of FGH95 machined surface: (a) optical

image and (b) SEM image

a

b

50 µm
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Fig.3  Variation of white layer thickness with cutting speed

machining process. In addition, higher cutting speed means 

higher compressive forces acting on the machined surface, 

which can induce severe plastic deformation on the machined 

surface. With the increasing of cutting speed, the coupling of 

high temperature and severe plastic deformation can lead to the 

increasing of white layer thickness. 

2.1.2  EDS analysis of white layer

EDS analysis was applied to obtain the element compo-

sition. It can be used for semi-quantitative element point 

analysis, line analysis and surface analysis. The element line 

analysis can be used to determine the element distribution 

along the specified direction. The EDS line analysis for 

machined surface of FGH95 along the direction of depth of cut 

is exhibited in Fig.4, the line with different color means 

different element distribution along the direction of depth of cut.

EDS analysis of white layer on the machined surface and 

bulk materials is listed in Fig.5. It can be clearly seen that the 

element contents of Ti and Nb in white layer are higher and 

the element contents of Cr and Co are lower than that of the 

bulk material. It can be inferred that the strengthening phase γ' 

content increases by 8%~15% according to the content of 

elements Ti, Nb in strengthening phase γ' while the elements 

Cr, Co are mainly in bulk phase γ, which shows that 

strengthening phase γ' precipitate dispersion appears during 

the machining. In addition, the element C and O contents 

increase more obviously in white layer. It can be drawn that 

the oxide and carbide contents increase in white layer because 

the workpiece material undergoes chemical reaction with the

Fig.4  EDS line scanning for FGH95 machined surface

Fig.5  EDS analysis for bulk materials (a) and white layer (b)

air at the elevated temperature and high pressure during 

machining process.

2.1.3  Phase analysis of white layer

X-ray diffraction (XRD) technique is commonly used for 

the analysis of material phase, grain size, lattice distortion 

measurement and the determination of crystallinity. In this 

section, XRD was employed for the analysis of white layer 

and bulk material phase transformation. The analyses are 

shown in Fig.6. The results show that the FGH95 alloy exists 

in the form of Ni-based solid solution. The solutes of Ni-based 

solid solution in FGH95 bulk materials are Al, Cr, W, Ta, Nb, 

Mo, Co, etc. The retrieved phases have a high matching with 

XRD PDF cards. XRD phase analyses also show that the 

white layer exists in the form of Ni-based solid solution, and 

the solute elements are Al, Cr, W, Ta, Nb, Mo, Co, etc. 

However, the white layer retrieved phase FOM value is higher 

than that of the bulk materials. It indicates that the retrieved 

phases in white layer have a low matching with XRD PDF

Fig.6  XRD phase analysis for bulk materials (a) and white layer (b)
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cards. It can be drawn that Ni-based solid solution of FGH95 

alloy generates phase transformation during cutting process. 

Some experts believe that plastic deformation in the machining 

process plays an essential role in phase transformation below 

the nominal phase transformation temperature

[32]

. 

2.2  Grain refinement in white layer

Metallographic images of FGH95 bulk materials and 

machined surface obtained at various cutting speeds were 

recorded by metallurgy observations. IPP software was 

employed to deal with the metallographic pictures, and outline 

the grain boundaries in the area of 227 µm × 174 µm. The 

equivalent diameter of grain was measured and the number of 

grains was counted. Fig.7 shows the FGH95 bulk material 

metallographic image and the grain boundaries that have been 

outlined within the area of 227 µm ×174 µm. It can be seen 

from Fig.7 that the grains of FGH95 alloy are coarse and there 

exist several primary particle boundaries (PPB) before 

machining. Statistical analysis for grains size and numbers in 

Fig.7 of metallographic image is shown in Fig.8.

According to the grain equivalent diameter, the grains size of 

FGH95 can be divided into three grades: large grains, medium 

grains and small grains. When the grain equivalent diameter is 

less than 10 µm, it belongs to the small grains. When the grain 

equivalent diameter is between 10 µm and 20 µm, it belongs to 

medium ones, and the large grain equivalent diameter is more 

than 20 µm. It can be drawn from Fig.8 that small grains 

amount to 31.03%, medium grains amount to 51.73%, and large 

grains amount to 17.24% of all the grains before the FGH95 is 

machined (that is for the bulk material of FGH95).

The same methods can be used to investigate the grain sizes 

in the machined surface generated under different cutting 

speeds. Fig.9 shows the FGH95 machined surface metallo-

graphic images in the area of 227 µm×174 µm, which were 

obtained at various cutting speeds. The influence of cutting 

speed on grain numbers at the same area of 227 µm × 174 µm 

is shown in Fig.10.

It can be seen from Fig. 10 that grain numbers within the 

sampling area increase with the increasing of cutting speed. 

This is a reflection of grains refinement. The higher cutting 

speeds can induce to the more serious grains refinement.

Fig.7  FGH95 bulk material metallographic image

Fig.8 Statistics analysis for FGH95 bulk grains equivalent diameter

Statistical analysis for grains size and numbers obtained at 

various cutting speeds is shown in Fig.11.

In Fig.11, it can be drawn that cutting speed has significant 

effect on FGH95 alloy grains sizes. With the increasing of 

cutting speed, the number of large grains and medium grains 

continue to decrease while the small grain numbers increase 

for FGH95 alloy machined surface. This indicates that 

dynamic recrystallization occurs in the large grains and 

medium grains during the cutting process, which leads to the 

generation of dislocations during the cutting process of 

FGH95 alloy. The dislocations generated during cutting 

process are too late to cancel, owing to the material rapid 

deformation rate. When the cutting process continues, the 

number of dislocations increases, nucleation of grains 

recrystallization increases, which refines the grains. With the 

increasing of cutting speed, more dislocations are generated. 

More time to cancel the dislocation leads to the increasing of

grains recrystallization nucleation, and thus severe grains 

refinement will occur. In addition, the original large grains are 

broken by shear and compression loads in cutting process, and 

small grains are then increased.

2.3  White layer microhardness

The microhardness of the white layer on the machined 

surface is higher than that of the bulk material due to work 

hardening property of FGH95 superalloy. Microhardness of 

white layer was measured in this study. The measurements 

were taken three times and the average result for each 

machined surface was recorded. The results of microhardness 

versus the cutting speeds are shown in Fig.12.

It can be seen from Fig.12 that the higher the cutting speeds, 

the higher the microhardness of the white layer. The higher 

hardness generated is mainly due to the cutting plastic 

deformation which is induced by corner radius extrusion and 

the severe friction between the tool flank face and machined 

surface. Surface materials endure significant strain hardening 

induced by surface deformation during the cutting process. 

2.4  White layer residual stress

Residual stress is a type of inherent stress that maintains 

stress balance in the inner material when the components are 

unaffected by external strength

[33]

. Residual stress generated
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Fig.9 Machined surface metallographic images (a~e) and grains size statistical analysis (a′~e′) at different cutting speeds: (a, a′) v=40 m/min,

(b, b′) v=80 m/min, (c, c′) v=120 m/min, (d, d′) v=160 m/min, and (e, e′) v=200 m/min
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Fig.10  Influence of cutting speed on grains numbers

Fig.11  Statistical analysis FGH95 machined surface grains size 

Fig.12  Variation of machined surface microhardness with cutting

speed

in the machined surface is usually harmful, which can reduce 

the resistance to fatigue strength, brittleness fracture, stability 

of the size and shape of the components. The residual stress in 

FGH95 machined surface was measured by the X-ray stress 

analyzer-Xstress 3000. The measurement results of machined 

surface residual stress obtained at various cutting speed is

shown in Fig.13. It can be seen from Fig.13, residual stresses 

of FGH95 machined surface generated at various cutting

speeds are all positive ones, and it means that residual stresses 

at FGH95 machined surfaces are residual tensile stresses. The 

residual tensile stresses have an increasing trend when cutting 

speed increases. That is the residual stress of white layer

Fig.13  Variation of surface residual stress with cutting speed

increases with the white layer thickness increasing. This 

conclusion is the same as Kato’s measurement results

[34]

. It 

can be drawn that the fatigue life of FGH95 machined surface 

decreases with the increasing of cutting speed.

3  Conclusions

1) White layer exhibits significantly different microstruc- 

tures from the bulk materials. It shows densification, with no 

obvious structural features characteristic. With the increasing 

of cutting speed, the white layer thickness increases. White 

layer thickness is about 2.5~6.2 µm on the machined surface 

of FGH95 superalloy.

2) FGH95 superalloy bulk material exists in the form of 

Ni-based solid solution. The microstructure and the phase of 

Ni-based solid solution transform during the cutting process.

3) The high cutting speed induces serious grains refinement. 

With the increasing of cutting speed, the number of large 

grains and medium grains continue to decrease while the small 

grain numbers increase for machined surface of FGH95 

superalloy. 

4) The higher the cutting speeds, the higher the micro-

hardness of the white layer.

5) Residual stresses of machined surface for FGH95 

superalloy generated at various cutting speeds are all residual 

tensile stresses. As the cutting speed increases, the residual 

tensile stresses have an increasing trend.
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