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a b s t r a c t

The aim of this study was to determine the sliding wear resistance of D6ac (tempered at room
temperature, 450, or 550 �C) and to perform tribological responds. The obtained microstructures
exhibited a heavy number of misfit dislocations from work hardening of the parent material, with the
degree of disorder dislocation decreasing gradually upon increasing the temperature from 450 to 550 �C.
XRD spectra observed that the residual austenite and/or mixed structures of ferrite with the precipitation
of carbides at 550 �C will result in a softer state than that of the room temperature specimen. The
elevated temperature affected the tribological behavior and induced in the parent material a significant
surface response failure. The lateral force increased gradually up to 50 mN in the tempered cases, due to
the enhanced toughness. We suggest that the increase in the coefficients of friction upon increasing the
tempering temperature from 450 to 550 �C resulted due to a soft ferrite phase. Slightly stable fluctuations
of the values of m appeared for the surfaces scratched at a constant load; therefore, plastic deformation
occurred along the wear path. For the measured results of the D6ac from room temperature to 550 �C,
the coefficient of friction was 0.34� 0.05, 0.27� 0.04, and 0.13� 0.02, respectively. The experimental
result also can be evidenced from tribological stressing and mechanical behavior.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The percentage reduction of D6ac (medium-carbon low-alloy
steel) can be controlled using the flow-forming method as well as
electron beam welding, but the specimens still require annealing
treatment [1e5]. The mechanical properties of D6ac change
considerably upon decreasing the impact of annealing treatment
after performing weld thermal cycles [5,6]. The main technical
problem is the increased brittleness of the parent material [7].
Notably, extensive prior cold work can dramatically decrease the
steel’s toughness; the weld metal can also influence the tensile
properties [8,9]. Indeed, the tribological behavior is an important
limiting factor affecting the quality of the parent metal. The
increased wear resistance of the metal has become amajor concern
to researchers. Tribological behavior is, therefore, assessed in terms
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of sliding wear characteristics [10]. Scratch technology can be
applied for direct processing of the material’s surface using a nano-
sized tip. The friction coefficient and volume loss are usually eval-
uated under lubricated and non-lubricated conditions at different
sliding speeds as well as at different sliding distances [11,12]. Under
tribological contact, the brittleness of the parent material is
increased as a result of the increased thermal treatment tempera-
ture; the increased friction coefficient is usually a result of
a different microstructure. This analytical approach has several
advantages, including the free selection of materials, simple design
alteration, and convenient initial facilities [13e17]. To separate the
influence of the brittleness of the parent material from that of
thermal tempering, in this study we performed tribological and
wear experiments using flow-forming D6ac.

2. Experimental details

D6ac is a low-alloy vacuum-melted steel containing several
other elements and featuring a carbon content of 0.42e0.48%. D6ac
was designed primarily for use at room temperature, with a tensile
strength in the range 1800e2000 MPa and good ductility (ASM
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1981) [18]. Table 1 revealed that the chemical compositional
analysis: the contents of all elements were within the ranges ex-
pected for standard D6ac (AMS 6431). The chemical composition of
steel was determined using energy dispersive X-ray spectrometry
(EDS) and a carbon determination technique. D6ac steel plates
were treated using the following procedure: (i) the D6AC steel was
obtained using vacuum arc remelting (AMS 6431). (ii) Prior to
performing the flow-forming process, the D6AC steel was subjected
to normalizing treatment (910�14 �C), with a holding time of
105 min and subsequent cooling in air. (iii) Flow-forming of the
D6AC steel was performed in a three-roller spinning machine
(roller angles: 15, 20, and 30�) with the percentage reduction
controlled at 67%; details of the spinning machine conditions have
been reported previously by Jahazi and Ebrahimi [2]. Each spec-
imen had a thickness of 9.9 mm; the feed rate was 0.7 mm rpm�1.
(iv) Solution treatment was performed with all of the specimens
under the same conditions (900 �C/30 min/air cooling). (v) To
relieve stress, the specimens were subjected to tempering treat-
ment at 450 and 550 �C (T-450 and T-550) for 2 h, followed by
cooling in air.

Tensile test specimens were prepared following the guidelines
of ASTM standard E370. These specimens were separated by laser
cutting along the axis direction of the tube, following ASTM stan-
dard E8a (ASM 1997) [19]. The strain rate applied was
0.2 mmmin�1, prior to the yield strength being reached. The
tribological properties of the specimens were determined through
scratch tests performed using atomic force microscopy (AFM,
Digital Instruments Nanoscope III) in conjunction with a nano-
indentationmeasurement system (Hysitron); a constant scan speed
of 2 mms�1 was applied. To determine the coefficients of friction of
D6ac steel initiated at low-constant-force modes of sliding cycles,
the specimens were subjected to constant loads of 500 mN. In
addition, for surface investigation of sliding wear, the rough tip
(radius: 2 mm) was applied to the specimens at room temperature;
the corresponding surface profiles were examined in the constant
forces mode. Scanning electron microscopy (SEM, Hitachi S-4300,
Tokyo, Japan) was used to characterize the morphology of the
specimens from EDS analysis. Microstructural characterization of
the specimens under sliding wear was performed using optical
microscopy (OM). The microstructures of the specimens were also
observed using a transmission electron microscope (TEM, JEOL,
JEM-2100F) operated at 200 kV. Crystallinity of the specimens were
analyzed by X-ray diffraction (PANalytical X’Pert Pro (MRD)), with
Cu Ka (l¼ 0.154 nm) radiation for 2q from35� to 75� at a scan speed
of 2� min�1, and a grazing angle of 0.5� under 30 kV and 30 mA.
3. Results and discussion

3.1. Microstructure and element analysis

Fig. 1a displays a TEM image of the original D6ac steel at room
temperature. We observed a heavy degree of misfit dislocations as
a result of work hardening. Dislocation multiplication or disloca-
tion nucleation appeared to induce some extended grain shapes
during the forming process. The degree of disorder dislocation
decreased after the specimen had been tempered at 450 �C
Table 1
Chemical composition of D6ac steel (wt %).

Element C Mn P S

Specification AMS 6431 0.42e0.48 0.6e0.9 0.01 0.01
Used in this work (average

concentration values)
0.47 0.8 0.01 0.01
[Fig. 1b]. We also observed a few dislocation multiplications when
the specimenwas tempered at 550 �C [Fig. 1c]. These results match
those reported by Jahazi et al. [5], who noted that the micro-
structure of the fully annealed material consisted of spherodized
cementite distributed uniformly in the ferrite matrix and grain
boundaries. We suspect that large nucleation of dislocation
occurred during the cold deformation process in the initial stage
[Fig. 1a]; the fine cementite particles elongated during the spin-
ning process [5]. Fig. 1d shows XRD spectra obtained from the
room temperature and the samples temped at 550 �C. The per-
forming of D6ac steel has been observed to cause transformation of
the material into body centered cubic martensite at room
temperature. The relative peak intensities of the room temperature
samples and 550 �C samples corresponded to the position at
44.58� (011) and 64.98� (002). The maximum intensity at room
temperature was observed in the (011) peak position. The peak
intensities of the a-phase in the 550 �C samples are the same as
the room temperature samples. However, residual austenite (weak
peak at 44�) was formed after tempering at 550 �C. It is important
to avoid immediate fracture impact from heavy cold working by
means of additional tempering treatment. The gradual change in
the microstructure of D6ac indicates that tempering treatment
helped to eliminate dislocations as well as residual stress. Fig. 2
presents the fractography set of the tempered specimens [(a)
room temperature, (b) 450 �C, (c) 550 �C]; the EDS analysis reveals
the percentage of atoms as well as the weight. The content (atomic
%) of carbon atoms decreased from 39.40 to 0 % and that of ferrite
elements increased from 29.75 to 73.82% upon increasing the
tempering temperature from room temperature to 550 �C. We
suggest that the microstructure comprised cementite distributed
uniformly with grain boundaries [5] [Fig. 2a]. The cementite phase
transformed, however, into a ferrite matrix with grain boundaries
after tempering at up to 550 �C, with decreasing levels of carbon
atoms occurring at the same time [Fig. 2b and c].
3.2. Mechanical properties

At suitable temperatures, medium-carbon low-alloy steel
usually consists of ferrite, austenite, cementite, and martensite. In
a previous study [20], the fracture characteristics of D6ac, with
relatively coarse and discrete carbides at prior austenite grain
boundaries, were evidenced after tempering at high temperatures.
Our experimental data suggest that the microstructure [Fig. 1] has
a strong affect on the yield strength (YS), ultimate tensile strength
(UTS), and elongation in Table 2. We found that the YS and UTS
were greater after tempering at 450 to 550 �C than they were at
room temperature. During tempering (aging), the micro-
constituents presumably dissolved into the soft ferrite. We also
expected residual stress to be present in the parent material. Jahazi
et al. [5] observed a substantial increase in the tensile strength (YS
increased from 508.2 to 660.7 MPa; UTS increased from 632.7 to
762.3 MPa) of the material after quenching and tempering,
relative to that of the cold deformed material (YS¼ 228.7 MPa;
UTS¼ 388.3 MPa). We found evidence that tempering without
quenching could directly enhance YS and UTS after cold deforming.
The tempering process provides energy to the parent material,
Si Cr Ni Mo V Fe

0.15-0.3 0.9e1.2 0.4e0.7 0.9e1.1 0.08e0.15 Bal.
0.27 0.98 0.55 1.05 0.1 Bal.



Fig. 2. SEM images and EDS profiles of the D6ac samples at (a) room temperature and (b, c) after tempering at (b) 450 and (c) 550 �C.

Fig. 1. TEM images of the microstructures of the D6ac samples at (a) room temperature and (b, c) after tempering at (b) 450 and (c) 550 �C. The mark with arrows is the dislocation
multiplication or dislocation nucleation zone.
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Table 2
Mechanical properties and friction coefficients of flow-formed D6ac steel materials subjected to tempering heat treatment.

Sample code Heat treating process YS (0.2% offset),
MPa

UTS, MPa Elongation
(gauge 50.8 mm), %

Friction coefficient:
plate zone

D6AC-RT Solution 608.3 608.3 0.5 0.34� 0.05
D6AC-450 Solutionþ tempering 1096 1278 10.1 0.27� 0.04
D6AC-550 Solutionþ tempering 832 958 11.6 0.13� 0.02
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potentially increasing the toughness of the cold working parts,
particular for flow-forming D6ac at the onset of elongation. Wei
et al. [13] examined the relationship between the hardness and
impact toughness of H13 steel after tempering. They suggested that
specimens tempered under suitable conditions could provide
higher wear resistance in adhesive wear. We were encouraged,
therefore, to study the stability of the flow-forming D6ac under
sliding conditions.

3.3. Tribological behavior

To compare the tribological behavior of the D6ac, we examined
the effect of the tempering temperature on the sliding wear of the
parent material. Abrasion of all of the specimens was initiated at
Fig. 3. OM images of the sliding wear of the D6ac samples at (a) room temperature and (b,
200� (left picture) and 1000� (right picture).
a constant force during the sliding cycles. Fig. 3 presents images of
the sliding wear of the samples at (a) room temperature and after
tempering at (b) 450 and (c) 550 �C; they provide strong evidence
for a non-uniform grain boundary in the parent material that
correspond area is mark with arrows. The observable damage
resulted from the asperity tips on the contacting metal, with
shearing and rupturing of the adhesive surface as a result of local
contact pressure during sliding. We readily observe corresponding
wear debris from the presented sliding traces [Fig. 3a], a typical
characteristic of adhesive wear. In addition, some crack lines
appeared as a result of brittleness, which caused some delaminated
craters and wear debris as well. It appears that as the tempering
temperature increased, the proportion of small oxide patches
increased slightly, along with small amount of wear debris and
c) after tempering at (b) 450 and (c) 550 �C. The magnification of the samples are both
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delaminated craters [Fig. 3b]. Fracture damage increased dramati-
cally, with curved cracks aligned roughly perpendicular to the
direction of scratching, after tempering at 550 �C. One can compare
the sliding surface and the ductility damage that produces
Fig. 4. Fluctuations in lateral force plotted with respect to the duration of displace-
ment of the D6ac samples at (a) room temperature and (b, c) after tempering at (b) 450
and (c) 550 �C.
delaminated craters on the worn surface with a relatively smooth
surface and regular outline [Fig. 3c]. Wei et al. [13] reported that the
wear rate depended on the tempering temperature; that is to say,
thewear debris with a relatively smooth surface and regular outline
would be expected. Fig. 4a plots the fluctuations in lateral force
with respect to the duration. The lateral force increased gradually
up to 50 mN, due to the increased toughness, after increasing the
Fig. 5. The fluctuations of the values of m of the D6ac samples at (a) room temperature
and (b, c) after tempering at (b) 450 and (c) 550 �C.
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tempering temperature from 450 to 550 �C [Fig. 4b and c]. Even-
tually, the scratch surface suffered from brittleness to ductility
damage of the parent material; the morphology could be deter-
mined from the observed fluctuations in lateral force. Recently, the
tribological stressing, abrasive wear behavior, and wear transitions
of steel samples have been reported to depend upon their friction
coefficients, volume losses, lubricated and non-lubricated condi-
tions, different sliding speeds, and different temperatures [13e16].
The effects of HSS [21], alloy [22e27], and iron [28] have been
determined from tribological and wear investigations.

Fig. 5a also shows the fluctuations of the values of m of the room
temperature specimens. Again, adhesion and delamination were
revealed by the indenter as the tip moved backward. Adhesion and
delamination became the predominant wear mechanisms behind
the decreases in the values of m because increasing the tempering
temperature. Slightly stable fluctuations of the values of m appeared
for the surfaces scratched at a constant load; therefore, plastic
deformation occurred along the wear path [Fig. 5b and c]. These
results were expected due to the higher temperature decreased the
number of contact asperities.

The degrees of adhesion (Fig. 3) and the sliding effect (Figs. 4
and 5) have been well reported. Therefore, we suggest that
tempering treatment can increase elongation as a result of the soft
ferrite phase when tempering at high temperatures. For the D6ac
samples tempered at room temperature, 450 �C, and 550 �C, we
measured coefficients of friction of 0.34� 0.05, 0.27� 0.04, and
0.13� 0.02, respectively. When taken into consideration with the
data in Table 2, these results support the trend in the effect of
tempering and provide a reasonable estimate of the magnitude of
the scratching damage of the parent material. We suspect that the
D6ac material was affected by the diffusion of the input fusion heat,
such that part of the parent metal experienced recovery and stress
relief. The microstructures were dependent on the tempering
treatment variables [8,9]. We systematically determined that the
trend in the dislocation density transfer was the reason for the
changes in the values of YS, UTS, and elongation. We have taken
care to present the sliding damage introduced to the D6ac material
in terms of an examination of the lateral forces and the friction
coefficients.

4. Conclusion

We have employed a combination of scratch techniques to
investigate the contact-induced deformation of D6ac steel that had
been subjected to tempering. Controlling the tool roughness in the
sliding test was a critical step. XRD spectra observed that the pre-
forming of D6ac steel has been observed to cause transformation of
the material into body centered cubic martensite at room temper-
ature; however, residual austenite was formed after tempering at
550 �C. TEM analysis of the parent material revealed a heavy degree
of misfit dislocations from work hardening; the degree of disorder
dislocations decreased gradually upon elevating the tempering
temperature. We have compared the morphological changes with
respect to the lateral forces and friction coefficients. The scratch
resistance decreased upon increasing the lateral force of the parent
material. The scratch resistance was affected by the weak adhesion
of the parent material; ductility track lines appeared after
tempering at elevated temperatures. The tested properties varied
somewhat in terms of sensitivity with respect to those of the parent
material. The YS, UTS, and elongation were greater after tempering
at 450 and 550 �C than they were at room temperature.
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