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Role of the Cyclic Stability of Retained Austenite in
Fatigue Performance of Carburized 14NiCr11 Steel
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The role of retained austenite in the fatigue strength of carburized 14NiCr11 steel was studied by consid-
ering two gas-carburizing treatments leading to two maximum retained austenite fractions of 20 and 40%.
These states led to endurance limit improvements evaluated at 40 and 10%, respectively, compared with
the untreated state. These improvements were explained by the evolution of retained austenite during the
cyclic loading using the dispersive x-ray diffraction technique. This reveals that the best fatigue strength
is attributed to the homogeneous transformation of the retained austenite fraction in the treated layer

during the cyclic loading.
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1. Introduction

The improvement in fatigue strength for machine compo-
nents manufactured with microalloyed steels is due to harden-
ing treatments that offer a hardened layer over a ductile core
(Ref 1-3). Among these treatments, carburizing, with its vari-
ous forms (Ref 3-15), remains the most popular hardening
treatment used for small and average sized parts manufactured
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from low-alloy steel with lower-to-modest mechanical proper-
ties (Ref 16). Hardened layers with thicknesses ranging from
0.5 mm to a few millimeters, and experiencing compressive
residual stresses, can be achieved with a carburizing treatment.
Carburized steel is also associated with retained austenite and
martensite microstructures in proportions that depend on the
carburizing conditions and the steel type (Ref 17-43). This
change in microstructure improves the fatigue strength of the
treated components by increasing the endurance limit or num-
ber of cycles to failure, as shown in Table 1. Existing literature
attributes these improvements to the compressive residual
stress distribution (Ref 1, 17, 44). The effect of the microstruc-
tural gradient, and especially that of retained austenite in the
hardened layers, has not been studied extensively due to the
lack of suitable and precise methods that would yield conclu-
sive results (Ref 45), even though some work has been done
(Ref 46-51). Indeed, Zaccone and Krauss (Ref 46) affirm that
retained austenite decreases tensile properties such as fatigue

Table 1 Influence of carburized layers characteristics on fatigue strength

Treatment parameters Structure characteristics Test conditions Result
Steel T t e OR surf Run O Dmax
grade Type °C h State (mm) Yr % (MPa) Type R outs K, (MPa) Ref
20CrMo4 Gas 900 QO 60° 0.6 35 -40 Bending 5x 10° 1 1465 62
3 point
Gas 930 2 T 180° 0.58 17.1 +17 Rotating- 0.1 2 780
bending
LP 930 2 T 180° 0.61 15.4 -165 Rotating- 830 63
bending
AISI8620 Gas 900 3 T 180°/1 h 0.73 37 -265 Rotating- 10° 840 64
bending
5 0.90 49 -220 980
7.5 T180°/1 h 1.1 64 -200 Rotating- 10° 1140
bending
Gas 940 2 QO 0.5 Rotating- 107 735
Cryogenic + T bending
180°/2 h
QO hot+ T 0.5 Rotating- 107 833 65
180°/2 h bending

Note: Q, quenched; O, oil; T, tempered; LP, low-pressure carburizing treatment; R, 0,,,;,/0,.,.: stress ratio; K|, stress concentration factor; o, endurance

limit expressed in maximum stress
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strength. They assume that the reduction in these properties is
due to the thermodynamic instability of retained austenite un-
der the effect of service stresses of hardened components.
Other authors have tried to link the influence of retained aus-
tenite to its content in the hardened structure. Indeed, the re-
sults of the investigations of Krauss (Ref 24), Szpunar and
Bielanik (Ref 20), Lesage and lost (Ref 48), and Desalos (Ref
49) have indicated that the reduction in the fatigue strength of
carburized components takes place when the retained austenite
exceeds 15 to 20%. The experimental results obtained by Da
Silva et al. (Ref 35), Prenosil (Ref 47), Parrish (Ref 22), Ebert
(Ref 17), Panhans and Fournelle (Ref 25), Inada et al. (Ref 50),
and Shaw et al. (Ref 51) have indicated that the presence of
retained austenite in the case of carburized materials improves
their ductility and fatigue strength.

However, the difficulty in controlling the evolution of this
microstructural gradient during the cyclic loading and its ef-

R
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fects on the fatigue strength remains an issue. This has been
exclusively studied by Szpunar and Bielanik (Ref 20). They
showed that for 18HGT and 20HNMh steels, the relation be-
tween the fatigue crack growth rate da/dN and retained aus-
tenite is very complicated.

It is within this framework that this research was under-
taken, with the goal of elucidating the role of the microstruc-
ture gradient of the hardened layer during cyclic loading on

Table 2 Chemical composition of 14NiCr11 steel

Composition, wt.%
C Si Mn P S Cr Ni Mo Cu Fe

0.14 024 046 0015 0032 079 3.18 <0.02 0.22 bal

Note: composition is in wt.%

Table 3 Traction characteristics

| 60 .
UTS, Elongation,
‘71’; Ry 002» MPa MPa %
4 408.6 553.6 30
& '
=
R4 Table 4 Parameters of gas-carburizing treatments
3/ Carburizing
Q/ 40 (P/ Type of Carbon temperature, Time, Type of Tempering
r 1 treatment potential °C h quench treatment
80 Type 1 0.8 920 8 0Oil 50°C 180°C,1h
X . . L . Type 2 1.2 950 6 Oil 50°C 180°C,1h
Fig. 1 Fatigue specimens and directions of residual stress measurement
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Fig. 2 Microhardness profiles resulting from the two types of carburizing 14NiCrl1 steel

38—Volume 14(1) February 2005

Journal of Materials Engineering and Performance



Type 1 treatment

Type 2 treatment

Surface

Fig. 3 Internal oxidation. (a) Internal oxidation on unetched surface. (b) Intergranular carbides in grain boundaries on surface upper layer

fatigue strength. Two conditions of gas carburizing are used on
the 14NiCrl1 steel leading to retained austenite volume frac-
tions of 20 and 40%.

2. Material

The material used in this research was a low C steel, type
14NiCr11. The material was produced in 20 mm diam bars
from the same cast. Its chemical composition and mechanical
properties are shown in Tables 2 and 3, respectively.

3. Treatments and Tests

3.1 Carburizing Treatments

Two types of gas carburizing, aimed at achieving two frac-
tions of retained austenite in the hardened layer, were applied
to notched fatigue test samples stress concentration factor
(Kt = 1.78) (Fig. 1). The selected notch is representative of
gear tooth geometry (Ref 52-54). Treatment parameters are
given in Table 4:

Journal of Materials Engineering and Performance

* The first type of treatment is representative of the condi-
tions usually used in industry to limit the retained austenite
fraction to 20% or lower for reasons of fatigue perfor-
mance (Ref 20, 24, 45, 49).

* The second treatment aims to obtain a higher retained
austenite fraction by choosing a higher C potential (i.e.,
1.2 instead of 0.8) and a higher treatment temperature (i.e.,
950 °C instead of 920 °C).

3.2 Characterization of Treated Layer Methods

3.2.1 Treated Layers Analysis. Surface hardening in-
duced by the various carburizing treatments was evaluated by
microhardness tests under a load of 100 g;. The resulting met-
allurgical transformations were examined by optical micros-
copy (OM) and scanning electron microscopy (SEM) on trans-
verse sections. The residual stress profiles were determined by
x-ray diffraction (XRD). Retained austenite fractions were de-
termined by XRD (Ref 55).

3.2.2 Fatigue Tests. Specimens were subjected to four-
point bend fatigue tests with a 0.1 stress ratio value. Endurance
limits were based on runouts to 10° cycles.
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3.2.3 Microfractographic Analysis. The fracture surfaces
were observed on the SEM images to determine the mecha-
nisms that controlled fatigue crack initiation and propagation in
relation to the characteristics of the treated layer, particularly

{0)

Fig. 4 Structure of carburized layer: needlelike martensite + retained
austenite (at a depth of 200 wm from the upper surface)

the relation of retained austenite content to residual stress pro-
files.

4. Results

4.1 Hardness and Microstructure

Microhardness in direct line on transverse sections revealed
a carburized depth of 1.8 mm for the type 1 treatment and 2 mm
for the type 2 treatment (Fig. 2). These microhardness profiles
were supplemented by metallographic analyses using OM and
SEM. From the external surface toward the core, microscopy
revealed:

¢ Internal oxidation on the upper surface that did not exceed
12 pm for both treatments: 8 wm for type 1 and 12 wm for
type 2. The grain boundaries were decorated by inter-
granular precipitates (Fig. 3)

¢ A heterogeneous structure in the treated layer character-
ized by the presence of needlelike martensite and retained

10 pm

Fig. 5 Bainite structure in core

—=— type 2 —¢— type 1
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Fig. 6 Retained austenite profiles corresponding to the two types of treatment of 14NiCrl1 steel
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austenite with different aspects, as a result of the different
retained austenite fractions (Fig. 4)
* A bainitic structure in the core (Fig. 5)

4.2 Retained Austenite

The retained austenite profiles measured at the bottom of
the notch in the specimens (Fig. 6) showed that:

e At every point of the hardened layer, the amount of re-

tained austenite obtained through the type 2 treatment was
higher than that obtained by the type 1 treatment.

300
200 5

100 -

¢ The maximum retained austenite fractions of 20 and 40%,
respectively, for type 1 and type 2 treatments were
reached at a depth of 230 pwm. This fraction is found to be
almost constant at depths between 230 and 730 pm (or
deeper).

*  Near the surface, the retained austenite fraction decreases
gradually to values of 12 and 22%, respectively, for type 1
and type 2 treatments (Fig. 6).

Surface measurements of retained austenite indicate a mild
dispersion from 2 to 3% due to internal oxidation. In fact, with
XRD measurement, the beam penetrates beyond the oxi-

0 T T T

~100 -
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surface

Fig. 7 Residual stress profiles generated by type 1 treatment
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Fig. 8 Residual stress profiles generated by type 2 treatment
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dation layer thickness. The analyzed microstructure is thus a
mixture of retained austenite and martensite in proportions that
depend on the point of measurement.

4.3 Residual Stresses

The profiles of the residual stresses measured at the bottom
of the specimen notch in two directions show compressive
stresses in layers adjacent to the surface at a depth of 1 mm, or
greater, for both types of carburizing treatments (Fig. 7, 8).
These profiles mark plateaus around —400 MPa for the type 1
treatment and —200 MPa for the type 2 treatment (at depths

between 100 and 600 pm, or slightly deeper). Stresses on the
upper surface were measured for the two types of treatments
and can be attributed to the role of internal oxidation as high-
lighted in this study.

4.4 Fatigue Strength of Carburized Layer

Test results of four-point bend fatigue tests of untreated and
carburized notched samples according to two types of treat-
ments are plotted on Wohler diagrams (Fig. 9). Endurance
limits Ao = (1 = R) 0., Where 0,,x = Ky 0pom, are given
for 10° cycles by the staircase method, and the rates of im-

¢ Broken (basic)

< Not broken basic) & Broken (T1)

A Not broken {T1) = Broken (T2} 1 Not broken (T2)
Ac (Mpa)
650 T
A i
350 s
3 ] s Type 1
500 N 3
. """Fs R
450 oy
T d ¢ Type 2 !
A00
basie material ]
350 [
300
250 'i
1,0E+04 1,0E+H)5 LLOEH06 1,0EH)7
Number of cycles

Fig. 9 Wohler diagrams corresponding to the two types of treatments compared with that of basic material

Fig. 10 Multiple crack initiation on the upper surface
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Fig. 11 Microcrack coalescence and principal rupture (type 1: o, = 610 MPa, N, = 86,890)

Fig. 12 Intergranular initiation (type 1: o, = 610 MPa; N, =
86,890)

Fig. 13 Facets of the grains sprinkled with various sized particles,

ranging between 0.5 and 2 pm (type 1: o
86,890)

= 610 MPa; N, =

max
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provement resulting from both types of treatment, (A0 b eatea —
A0 ppasic /AT ppasics are given in Table 4. The standard devia-
tion could not be estimated given the limited number of
samples.

4.5 Microfractographic Analysis

4.5.1 Crack Initiation. Microfractographic analysis, un-
der low magnification of the fracture surfaces of the two treated
states, shows different fracture mechanisms. The treated layers
can be distinguished from the core material. Crack initiation is
at the surface at the bottom of notch (i.e., the site of the stress
concentration) (Fig. 10).

Inspection of the fracture surface at the bottom of the notch
using SEM confirms that the crack-initiation mechanism is
characterized by the formation of microcracks on the surface in
various planes (letter “M” on Fig. 11). These microcracks co-
alesce to form a macroscopic crack that is responsible for the
principal fracture (letter “P” on Fig. 11).

With higher magnification, the microfractographic exami-
nations show that intergranular cracks are favored, and start by
internal oxidation and the intergranular carbide precipitation
(Fig. 12). Indeed, the facets of the grains appear sprinkled by
various sized particles (Fig. 13).

4.5.2 Crack Propagation. The general aspect of the frac-
ture surface shows progressive brittle fatigue crack propagation
in the type 1 and 2 treated layers (Fig. 14). The brittle character
of this fracture is attributed to intergranular rupture at the sur-
face, which gradually shifts to transgranular fracture in the
underlayers (Fig. 14). Fatigue striations are observed only at
the interface between the treated layer and the bulk material
(Fig. 15).

4.6 Stability of Retained Austenite After Loading

To understand the effect of the retained austenite on fatigue
strength, measurements of the phase fraction by XRD were
taken at the surface and at a depth of 200 pm, before and after
cyclic loading, at a maximum applied stress equal to 85% of
the endurance limit. The measurements highlight the instability
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Upper surface

Fig. 14 Microfractograph of gradient fracture surface treated accord-
ing to type 1: o, = 610 MPa; N, = 86,890

of retained austenite with respect to the cyclic loading condi-
tion for both treatments (Fig. 16, 17).

Qualitatively, this instability is more significant for austen-
ite from the type 1 treatment than for austenite from the type 2
treatment. Indeed, after 10° cycles at a maximum applied stress
of 490 MPa, the fraction of transformed retained austenite re-
mains relatively constant up to a depth of 200 wm, and it is
about 40% of the initial fraction. For the type 2 treatment, the
fraction of transformed retained austenite is more significant
with depth, and it goes from 18% at the surface to 35% at a
depth of 200 pm after 10° cycles at an applied maximum stress
of 390 MPa. In all cases, the retained austenite fraction re-
mained higher for the type 2 treatment (25%) than for the type
1 treatment (14.5%) after 10° fatigue cycles.

44—Volume 14(1) February 2005
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Fig. 15 Fatigue striations (type 1: o,,,, = 610 MPa; N, = 86,890)
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Fig. 16 Evolution of retained austenite faction during cyclic loading
with o, = 490 MPa, in the case of type 1 treatment

5. Discussion

The results of this study showed that improvements in the
fatigue life of 14NiCr11 steel, subjected to the two carburizing
treatments (10 and 40%), are closely related to the micro-
structural characteristics of the hardened layers and are con-
trolled primarily by the retained austenite fraction and its evo-
Iution during cyclic loading.

5.1 Surface Hardening

Although the two heat treatments developed different re-
tained austenite fractions (20% for type 1 and 40% for type 2),
the surface hardness and the treated layer depths are compa-
rable for both treatments. This is probably due to significant C
supersaturation of the retained austenite in the surface layers,
which gives it an intrinsic hardness comparable to that of mar-
tensite.

On the surface, the tendency of the alloy to soften is ex-
plained by the internal oxidation phenomenon. It caused the
low local C content responsible for the retained austenite frac-
tion reduction and the C supersaturation in the austenite and

Journal of Materials Engineering and Performance
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Fig. 17 Evolution of retained austenite faction during cyclic loading
with o, = 390 MPa in the case of type 2 treatment

max

martensite to decrease (Ref 2, 44, 54, 56-58). In all cases, the
treated layer depths obtained by the type 1 and type 2 treat-
ments are common in industrial practice and softening due to
internal oxidation remains within acceptable tolerance limits
(Ref 2, 59-66).

5.2 Residual Stresses

Due to its C gradient, the carburized layer can be compared
with the juxtaposition of steels with different C contents and
cooling laws (Ref 67). This implies that phase transformations
between layers will be delayed. This is confirmed by volume
change effects associated with the y — o transformation and
the distribution of the compressive residual stresses. For this
reason, the type 1 treatment with a higher vy — o transforma-
tion rate (yg = 20%) has a residual stress approaching —400
MPa, whereas the type 2 treatment with (yg = 40%) exhibits
a lower compressive residual stress (—200 MPa).

The close relationship between the martensitic transforma-
tion and residual stress can be clearly visualized by the super-
position of the retained austenite and the residual stresses pro-
files (Fig. 18). This superposition explains the difference
between the two types of carburizing treatments. The direction
of decreasing retained austenite is also the direction of increas-
ing compressive residual stress. Analytical relations (og-YgR)
can be obtained expressing the amplitudes of residual stress
(o®_) in terms of the retained austenite fraction after the gas-
carburizing treatment (Fig. 19):

0 =297.13 In (1 — yg) — 1265

based on the relation of Kdostinen and Marburger, V, =
e~0-01Ms=25) "This relation gives the retained austenite fraction
as V.. A relation between the residual stress (og) and the
martensitic transformation start temperature (Mg), can be es-
tablished:

op =—2.9713M; + 164.29

(Fig. 20). Using the relation given by Steven and Haynes
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Mg =561 — (474)C — (33)Mn — (17)Ni — (17)Cr — (21)Mo

which expresses Mg as a function of the steel chemical com-
position. It now becomes possible to establish the relation-
ship between residual stress and C content (%C) as o =
(1407.4)C — 1241.7 (see Fig. 21). This relation is extremely
useful for gas-carburizing treatments.

5.3 Fatigue Strength

The calculated endurance limits of carburized 14NiCrll
steel for both treatments are within the accepted limits of data
for gas-carburized steel with microstructural treated layers
similar to the present case, namely, an internal oxidation layer
(=15 pm) and a maximum retained austenite fraction between
20% and 30% (Table 5).

The fatigue strength of carburized 14NiCrl1 steel was im-
proved by 40% for the type 1 treatment and 10% for the type
2 treatment, compared with the fatigue strength of the untreated
steel. These improvements correspond to 20 and 40% maxi-
mum retained austenite fractions, respectively.

This difference in fatigue strength improvement between
both gas-carburizing treatments can be explained by the role of
the microstructure and residual stress distribution around the
crack initiation region. Indeed, microfractographic analysis of
the fatigue rupture surface revealed rapid crack propagation
after initiation. Taking into account the flattened shape of the
Wohler diagram, an assumption can be made that the crack
initiation phase is the main contributor to the fatigue life. This
crack initiation can be attributed, in major part, to the micro-
structural characteristics and the residual stress distribution
of the upper surface layers (=200 pm), as summarized in
Table 6.

In these surface layers, the microstructure and the compres-
sive residual stress distribution give an advantage to the type 1
treatment rather than the type 2 treatment. This results in a
more significant improvement in its fatigue strength. More-
over, this advantage is consolidated by the retained austenite
fraction that evolved during cyclic loading and its effects on the
deformation located in the surface upper layers (=200 pm).
Indeed, retained austenite measurements before and after cyclic
loading reveal that the transformed fraction of retained austen-
ite for the type 1 treatment is constant at around 40% at any
depth. The corresponding layer is, thus, subjected to identical
deformations at any point. The transformed retained austenite
fraction for the type 2 treatment varies with depth (i.e., from
18 to 35%). The corresponding layer is then subjected to sig-
nificant deformation, which probably has an adverse role on its
fatigue strength.

6. Conclusion

The two types of gas-carburizing treatments generate mi-
crohardness and residual stress changes that are strongly re-
lated to the retained austenite fraction in the microstructure.
The fatigue strength improvement of carburized 14NiCrll
steel compared with its untreated state is close to 40% for the
type 1 treatment and 10% for the type 2 treatment. These
correspond to maximum retained austenite fractions of 20%
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Fig. 18 Comparison of the profiles of residual stress and retained austenite of type 1 (T1) and type 2 (T2) treatment
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Fig. 19 Curve representative of the experimental points expressing
the relationship between residual stress and retained austenite
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Table 5 Endurance limits

Improvement, %

Treatment Aoy, MPa(a) (AGpireated = AODpase) AT ppase
Basic material 670 0
Type 1 930 40
Type 11 740 10

(a) Ao, = KAo,

nom

and 40%, respectively. This gain in fatigue strength can be
attributed to:

*  The type 1 treatment generates a microhardness and com-

pressive residual stress higher than those obtained from the
type 2 treatment.
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Table 6 Role of microstructure on bending fatigue strength of carburized steels

Microstructure of treated layer

Fatigue data

Treatment parameters

Oxided layer Ao, Improvement,
Ref Steel grade T,°C t,min State e,mm  Yg, % Ogug depth, pm K, R MPa(a) %
23 17CrNiMo06 (1) 930 206 QO 60 °C 1.02 31 -140 10 135 -1 764
T 180 °C
2) 930 220 QO 60 °C 0.97 23 -220 7 135 -1 888
T 180 °C
15CrNi6 (1) 930 261 QO 60 °C 0.84 26 -280 7 135 -1 914
T 180 °C
) 300 QO 60 °C 0.82 24 -310 9 135 -1 838
T 180 °C
63 20CD4 930 120 QOand T 0.58 17.1 +17 8.7 780
180 °C 0.65 19.1 +127 15 450
This 14NiCrl11 920 480 QO 50°C 1.8 19 +184 12 1.78 0.1 930 40
study T 180 °C 1h
950 360 QO 50°C 22 29 +57 740 10
T 180 °C 1h
Note: Q, quenched; O, oil; T, tempered. (a) Ao, = KA0pnom
Table 7 Summary of data in the upper surface/at a depth of 200 um from the upper surface
Type of Yrs [T [ 5 Aoy, Improvement,
treatment Hv,, % MPa MPa MPa %
Type 1 7471733 12/20 =71/-390 184/-365 930 40
Type 2 718/696 22/40 -39/-203 57/-130 740 10

Note: yg, retained austenite; o, transverse residual stress; o,,, longitudinal residual stress; Ao, endurance limit

Internal oxidation not exceeding 12 pm in depth for the
two treatments plays a weak role in the fatigue strength of
carburized 14NiCrl1 steel.

The retained austenite is unstable during cyclic loading. The
transformed fraction compared with the unloaded state depends
on the type of treatment and can reach 40%. The best fatigue
strength is attained when homogeneous transformation of the
retained austenite fraction occurs in the treated layer during the
cyclic loading.
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