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Abstract: The sucker rod is an extremely important equipment in oil exploitation, but with the
deepening and harsh environment of the petroleum well, higher requirements are put forward for
the strength and corrosion resistance of the sucker rod. The most commonly used steel for H grade
sucker rods is 4330 steel. However, it has characteristics such as high cost and relatively low sulfide
stress cracking resistance. Thus, a novel sucker rod steel with a composition of 0.2 wt.% Cu and
1.2 wt.% Ni was designed. Normalizing + tempering (NT) and quenching + tempering (QT) heat
treatment were optimized to render the mechanical properties of the novel sucker rod steel to reach
the H grade. Additionally, effects of heat treatment on the microstructural evolution and mechanical
properties of the novel sucker rod steel were investigated by optical microscope, scanning electron
microscope and mechanical property tests. The results showed that the microstructure is tempered
sorbite and the mechanical properties reach H grade after NT and QT. Specifically, the tensile strength,
yield strength, elongation and impact toughness of NT/QT samples reached 1010.58/1124.37 MPa,
875.93/1042.63 MPa, 15.66/11.59% and ~77.48/~111.69 ] /cm?, respectively. Furthermore, the finer
and more dispersed carbides were observed in the QT sample, which means that the QT sample had
better strength and toughness.

Keywords: sucker rod; heat treatment; microstructure; tensile properties; impact toughness;
composition design

1. Introduction

Rod-and-pump oil recovery is the most traditional and widely used method of oil and
gas development globally [1], and the proportion of oil produced by sucker rod pumping
technology in China is as high as 75% [2]. However, with the gradual increase in the number
of deep and ultradeep wells in petroleum wells, higher requirements arise for the strength
of sucker rod steel. According to tensile strength, sucker rod steel is mainly divided into
grades C, K, D, and H [3]. The H grade sucker rod steel is widely used in deep and ultradeep
wells with a tensile strength range of 965-1195 MPa. Nevertheless, with the improvement
of oil recovery technologies such as wastewater reinjection [4], the environment in which
the sucker rod is used has gradually deteriorated, and the corrosiveness (HyS, COo, etc.) in
the well fluid has aggravated the corrosion and failure occurrence of the sucker rod steel [5].
Therefore, the production of oilfields must develop H grade high strength sucker rod steel
with excellent performance.

Commonly used for H grade pumping rods, 4330 steel has a medium-carbon and
low-alloy design. Considering the progressively harsher oil well environment nowadays,
some studies have shown that higher Ni content has a detrimental effect on sulfide stress
cracking (SSC) [6-8]. The fast-rising cost of Ni also means a high cost of rod steel products.
Thus, a novel sucker rod steel needs to be designed, which adjusted the alloy composition
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based on the original 4330 steel, but with the Ni content controlled to about 1.2 wt.%. On
the one hand, such a design may be beneficial to the anti-SSC properties. On the other
hand, the content of relatively expensive Ni can be reduced, so that the new composition
design can have an economic benefit. Additionally, copper alloying has been reported
to have a beneficial effect on steel corrosion [9]. The addition of >0.2 wt.% Cu was able
to reduce the corrosion of steel and the hydrogen penetration rate in the saturated H,S
saturated seawater with a pH of 5 [10], therefore 0.2 wt.% of Cu was added to the new
steel. Furthermore, the heat treatment processes were carried out to produce novel H grade
high-strength sucker rod steel. Although Al-Maharbi et al. The authors of [11] reported the
effects of different heat treatment processes on the mechanical properties of 4330 steel, the
specific parameters of the heat treatment were not disclosed due to confidentiality reasons.

Heat treatment is required to obtain the desired microstructure and mechanical prop-
erties. Some studies have shown that various heat treatment processes have an important
influence on the microstructure and mechanical properties of steel [12-15]. Normalizing +
tempering (NT) or quenching + tempering (QT) heat treatment is one of the most commonly
used heat treatment processes due to its convenience and low cost. Fujio has found that
the microstructure of F/M steel is composed of tempered martensite, ferrite and large
number of precipitates after NT, which directly affects its mechanical properties [16]. QT
heat treatment is widely used in various industrial applications, because of its beneficial
combination of strength and toughness [17-20]. Therefore, NT and QT heat treatment are
viable choice for the novel sucker rod steel in terms of cost and convenience. However,
experiments on NT and QT have not been reported for the novel sucker rod steel. Thus,
it is necessary to conduct a detailed study on the effects of NT and QT heat treatment on
microstructure and mechanical properties for a novel H grade sucker rod.

In this work, due to the advantages of NT and QT heat treatment processes, heat
treatment parameters were designed to make the novel sucker rod steel meet the strength
and toughness requirements of H grade sucker rod steel. In addition, the effects of NT and
QT on the microstructure and mechanical properties for the novel H grade sucker rod were
also studied. These results will provide a reference to the manufacturing, application and
promotion of this novel sucker rod steel.

2. Materials and Methods

The experimental steel was taken from a forged billet with dimensions of 160 mm
x 160 mm x 235 mm and was rolled into a plate 30 mm thick and 230 mm wide. The chemi-
cal composition of the steel investigated is listed in Table 1. It was tested by a direct-reading
spectrograph (CX-9800, Wuxi, China). Steel blocks of dimensions 30 mm x 20 mm x 200 mm
were then processed from the rolled plate by wire electrical discharge machining for subse-
quent heat treatment. The heat treatment processes were designed to make the novel steel
meet the requirements of H grade according to GB/T 26075-2010 standard [3], and the spe-
cific parameters are shown in Table 2 (Muffle furnace, Changsha, China). For convenience,
the samples after normalizing and quenching of 880 and 860 °C are designated N and Q
respectively. The samples after normalizing + tempering and quenching + tempering are
named NT and QT, respectively. Besides, the JMatPro software (V 11.0, Sente Software,
Guildford, UK) was used to calculate the CCT (continuous cooling transformation) curve
of experimental steel in order to analyze the behavior of different cooling methods.

Table 1. Chemical composition of the experimental steel (wt.%).

Si

Mn

Cr Ni Mo A% Ti Cu P S Fe

0.30

0.25

0.88

0.84 1.23 0.25 0.088 0.005 0.188 0.0088 0.005 Bal.
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Table 2. The heat treatment protocol of experimental steel. (AC: air cooling, WC: water cooling).

Austenitizing/°C Cooling Tempering/°C Cooling
Sample No. (for 55 min) Method (for 67 min) Method
N 880 AC ) )
Q 860 WC
NT 880 AC
QT 860 e 600 AC

Samples for microstructure characterization were prepared by wire cut electrical dis-
charge machining. Then these samples were ground by 400 to 2000 grit silicon carbide
papers under running water and polished by diamond polishing paste of W2.5. After
that, all the samples were etched with 4 vol % nital solution. The microstructural examina-
tions of the samples were conducted using an optical microscope (OM, POLYVAR-MET,
Oberkochen, Germany) and scanning electron microscope (SEM, Zeiss Merlin Compact,
Oberkochen, Germany).

After the heat treatments, mechanical properties were determined by performing ten-
sile tests (Tensile testing machine, CM75105, Xian, China) and Charpy impact tests (Impact
testing machine, JBDW-300D, Jinan, China) at room temperature. Tensile samples were
prepared according to GB/T 228-2010 [21]. And the half-size U-notch impact specimens
were prepared for Charpy impact tests with dimensions 5 mm x 10 mm x 55 mm at room
temperature. Finally, the tensile and impact fracture surface were observed by SEM and
analyze precipitates with the energy dis-pensive X-ray spectrum (EDS).

3. Results and Discussion
3.1. Microstructure Analysis

After austenitizing, the experimental steel was cooled to room temperature by air
cooling and water cooling, which are called normalizing and quenching, respectively. The
microstructures of experimental steel after normalizing and quenching were observed
by OM and SEM, as shown in Figure 1. The microstructure of the as-normalized sam-
ple consisted of granular bainite (GB) and a small amount of martensite with a volume
fraction of about 5% (Figure 1a) with grain size ~25.61 um by Nano Measure software
(Shanghai, China, a software to measure length according to the scale; the grain size is the
average grain diameter). The small amount of martensite (~5 vol. %) in Figure 1la was
mainly due to some alloying elements segregated during the rolling process. During the
continuous cooling process, the hardenability of this region was improved, resulting in the
formation of martensite. Small-sized (<1 um) MA (martensite-austenite) constituents were
uniformly distributed in parallel on the bainitic ferrite matrix and banded or blocky MA
constituents were formed along the PAGBs (prior austenite grain boundaries). No obvious
carbides were observed, as shown in Figure 1b. The microstructure of the as-quenched
sample was a full martensite structure (Figure 1c), and the grain size was about 24.01 um,
slightly smaller than the normalized state. A prior austenite grain was composed of about
3~4 martensite packets, as shown in Figure 1d.

To analyze the influence of cooling methods (WC and AC) and behavior during
the cooling process, the CCT curve of the sample was calculated by JMatPro software (a
software for metal thermodynamic calculations) and is shown in Figure 2. The comparison
of the WC and AC curves in Figure 2 indicates that the WC is the area of full martensite, and
the value of the water-cooling rate was much greater than 100 °C/s, while the AC was in the
region of bainite. Therefore, the test steel was fully martensite after water cooling and had
a granular bainite structure after air cooling. The martensite formed after quenching was
mainly composed of martensite laths. There is a large number of dislocation substructures
in lath martensite [22], and the bainite structure after normalizing is composed of ferrite
matrix and part of MA. Additionally, no significant difference was observed in the prior
austenite grain size due to the similar austenitization temperature between normalizing
and quenching (~20 °C) treatments.
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Figure 1. Microstructure of as-normalized and as-quenched. (a,b) OM and SEM images of normaliz-

ing; (c,d) OM and SEM images of quenching. GB: granular bainite, M: martensite, MA: martensite-
austenite constituent, PAGB: prior austenite grain boundary.
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Figure 2. CCT curves of the sucker rod steel calculated by the JMatPro software.

The microstructures of NT and QT samples were studied to investigate the microstruc-
ture evolution using OM and SEM, as shown in Figure 3. From Figure 3a, it can be observed
that the microstructure of the NT sample was tempered sorbite, which was mainly com-
posed of ferrite matrix and precipitated phases. A straight boundary and bulged boundary
were clearly visible, and the ferrite matrix was blocky. The precipitates in the ferrite matrix
were distributed in the prior normalized MA constituents’ orientation (Figure 1a,b). The
morphology of the NT sample is shown in Figure 3b, and the higher magnification SEM
micrograph is shown in the top right corner. After tempering, the MA that formed in the
bulk or grain boundary during normalizing was transformed into carbide precipitates.
The area where the prior MA existed at the grain boundary and bulk was mainly coarse
precipitate, while a small number of fine precipitates were inside the matrix area (Figure 3b).
Discontinuous strips or blocky carbides were observed at grain boundaries, as shown in
Figure 3b. The microstructure of the QT sample was tempered sorbite composed of fer-
rite matrix and carbides, as shown in Figure 3c. In contrast, the grain boundaries in the
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tempered sorbite of the QT sample were no longer clearly visible. The ferrite matrix was
distributed in strips and retains the orientation relationship of the prior martensite lath.
The precipitates in the ferrite matrix were mainly distributed in the orientation of the prior
quenched lath martensite (Figure 1c,d). The morphology of QT is shown in Figure 3d, and
the high magnification SEM micrograph is shown in the top right corner. After tempering,
the carbides were mainly distributed in spherical discontinuities at the prior martensite
lath and packet interface or grain boundary, which were relatively coarse and have a small
amount of fine carbides in bulk, as shown in Figure 3d. Unlike the NT sample, the carbides
were mainly distributed at the prior martensite lath boundaries, with finer dimensions and
larger quantities.

Figure 3. OM and SEM images of (a,b) NT and (c,d) QT. The tallow dashed box in the upper right
corner of (b,d) is a partially enlarged detail image. PAGBs: prior austenite grain boundaries.

3.2. Tensile Property and Fractographic Analysis

The engineering tensile stress-strain curves of NT and QT are shown in Figure 4.
The NT samples had a tensile strength (Rm) of ~1010.58 MPa, a yield strength (Rpy2)
of ~875.93 MPa and an elongation (A) of ~15.66%. The corresponding values of the QT
samples were ~1124.37 MPa, ~1042.63 MPa and 11.59%, respectively. The tensile properties
of H grade sucker rod were required for Rm-965.00~1195.00 MPa, Rpg, > 795.00 MPa and
A > 10.00% according to GB/T 26075-2010 standard [3]. It can be seen that the tensile
properties of NT and QT samples all meet the requirements of H grade sucker rod steel.
However, the strength of the NT samples was significantly reduced at the same tempering
temperature. The Rm and Rpg; values of NT were about ~113.79 MPa and ~166.70 MPa
lower than QT. Nevertheless, compared with QT the elongation of NT was improved
by 4.07%.

A clear neck shrinkage was found in the fractured tensile sample. Figure 5 shows
typical ductile tensile fracture surfaces of NT and QT samples. Area A is the fiber area
in the center, which is the location of fracture initiation, and this area reflects the tensile
properties of the material [23]. The central fiber area of the NT samples is shown in Figure 5a.
The fracture surface was mainly ductile dimples formed by the merger of micropores in
the microstructure, but there were a number of secondary cracks. Large intergranular
fracture cracks (length >30 um) were observed in some areas, and partial cleavage fractures
appeared near the secondary cracks. The central fiber area of the QT sample is shown
in Figure 5b. The fracture surface was mainly ductile dimples. The size of dimples was
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obviously smaller, but the depth was significantly greater than that of the NT sample.
Generally, the size of the dimple is related to the size of the carbide. The deeper the dimple,
the greater the energy consumed in the fracture process [24]. There were some spherical
carbides in the dimples, which were analyzed to be Cr-rich carbides by EDS. This was
mainly due to the nucleation of microvoids on the carbide particles, which eventually form
fracture initiation pit sites. Meanwhile, there are some secondary cracks in the QT sample
with a small size and no obvious intergranular cracks on the main surface were found, but
a small number of shear cracks were found perpendicular to the fracture surface in the
central fracture area, as shown in Figure 5b.

1400
- 1195 MPa
1000 |- 965 MPa
£
S 800
P
wv
& 600
73
400
——NT
200 —QT
0 1 1 1 1 1 I 1

Strain / %

Figure 4. The engineering tensile stress-strain curves of NT and QT samples.

Figure 5. SEM micrographs of the fracture surface A area (in the upper right corner) of tensile
samples. (a) NT; (b) QT. A: fiber region, B: radial region, C: shear lip. The green dashed frame is the
secondary crack.

The microstructure change directly affects the strength of the material, and the strength-
ening mechanism of tempered steel is mainly through the following mechanisms: solid
solution strengthening, dislocation strengthening, grain boundary strengthening, and
precipitation strengthening. First, solid solution strengthening mainly depends on the com-
position of alloy elements (Mn, Si, Ni, Mo) in the steel [25]. Since the heat treatment process
did not change the chemical composition of the experimental steel, it can be considered
that the contribution of solid solution strengthening was similar for the different types
of samples. As for grain boundary strengthening, the NT and QT samples had similar
austenitizing temperatures and similar final prior austenite grain sizes, resulting in similar
grain boundary strengthening contributions. Although Krauss suggested that martensitic



Metals 2022, 12, 294

7 of 10

lath can be considered as an effective grain [26], the contribution of martensite lath to
strength is mainly due to the carbides and dislocations in martensite lath [27]. Therefore,
the principal strengthening effect observed in the QT and NT samples mainly derived from
dislocation and precipitation strengthening.

Nevertheless, the experimental steel after quenching has a martensite structure. Gener-
ally, there are a large number of dislocations in martensite lath [22]. During the subsequent
tempering process, although some dislocations recovered, a large number of dislocations
still existed in the ferrite matrix, which means that there was a higher dislocation density in
the QT sample, and the dislocation strengthening was more dominant than the NT sample.

The effect of precipitation strengthening can be expressed according to the Ashby—
Orowan equation as follows [28]:

0.538Gbf,’* d,
op = 4, In % 1)
where G is the shear modulus, f, is the volume fraction of precipitates, d,, is the diameter of
precipitates and b is the Burgers vector. In this study, the G and b of NT and QT samples
were equal, so the precipitation strengthening depended on the size (d,) and volume
fraction of the precipitates (f,). In other words, the smaller the precipitate size and the
greater the degree of dispersion, the stronger the strengthening effect.

The microstructure of the Q sample was martensite with a large number of laths,
which were the preferential nucleating sites during tempering subsequently. Therefore, the
carbides in the QT sample were finer and more dispersed than those in the NT sample due
to the abundance of nucleating sites, resulting in a better strengthening effect. In summary,
the QT sample had a higher dislocation density and more dispersed fine precipitates, which
led to higher tensile strength.

3.3. Impact Toughness and Fractographic Analysis

The impact toughness of the NT and QT samples at room temperature was 77.48
+3.21]/cm? and 111.69 + 2.28 J/cm?, respectively. The values of impact toughness met
the qualification of H grade sucker rod steel of 60 J/cm?. In general, samples with higher
tensile properties have correspondingly lower impact toughness, which can be seen in
many materials [29]. However, for the novel sucker rod steel in this study, the QT sample
had a higher tensile strength of Rm ~1124.37 MPa and had better room temperature impact
toughness of Kuy ~111.69 J/ cm?.

The toughness of steel mainly depends on the ability to absorb energy during defor-
mation and fracture that is the ability to resist crack formation and propagation [30]. The
fracture surfaces of NT and QT samples are shown in Figure 6. The NT sample fracture
mode was mainly composed of cleavage fracture and a small amount of ligaments. The
crack nucleus initiated at a crack in the carbide particle at the grain boundary. The crack 2,
finally entered grain 3 along grain 2. The fracture mode of the QT sample was a mainly
ductile fracture with many dimples and some residual carbide particles in the center of the
dimples. It was confirmed by EDS to be Cr-rich carbides, and there were a small number of
cleavage fractures.

The main way to improve the toughness of a steel is to refine its grain structure. For
the NT and QT samples in this study, the austenitizing temperature was similar, so the grain
size was similar. However, the microstructure of the QT sample after quenching was lath
martensite. Luo et al. [31] proposed that the martensite block can be considered an effective
unit for controlling fracture toughness. After subsequent tempering, the prior martensite
lath and blocks are still partially inherited. Therefore, the block size in the QT sample was
the effective grain size for controlling toughness. The block size in martensite was much
smaller than the prior austenite grain size, which greatly improves the fracture toughness
of the QT sample. On the other hand, as shown by the impact fracture of Figure 6, the most
significant influence on the impact toughness of the steel was the carbide near the interface.
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The intergranular and transgranular fracture in the steel is closely related to the carbide

along the PAGB and lath boundary [32]. The impact toughness of steel materials largely

depends on the initiation of cracks and subsequent crack propagation [30]. According to

Griffith’s theory [33], the size of carbide particles exceeding the critical size (r.) given by
Equation (2) can result in cleavage fracture.

B T E’Yp 1/2 )

= [(1—1/2)’%} @

where . is the critical stress of crack propagate/on, E is Young’s modulus, <y, is the effective
surface energy and the v is the Poisson ratio. Lee et al. [34] calculated the critical carbide
size of Cr-Ni-Mo steel under high temperature tempering according to Equation (2) to be
150 nm, that is, when the carbide size is larger than 150 nm, it will cause cleavage fracture.
Since the precipitation behaviour of carbides inherited prior MA at the grain boundary, the
size of carbides was larger than 150 nm in the NT sample (Figure 3b). Therefore, it can be
reasonably stated that the poor impact toughness of the NT sample can be attributed to its
larger carbides.

Figure 6. SEM micrographs of the fracture surface of impact samples, (a) NT; (b) QT. 1: grain 1;
2: grainn 2; 3: grain 3.

The microstructure and mechanical properties of NT and QT samples may have
changed remarkably during tempering, and these changes are influenced by initial nor-
malized and quenched microstretches. Generally, the precipitation and coarsening of the
carbides occur mainly during tempering rather than during normalizing or quenching. The
microstructure is granular bainite after normalizing, and the decomposition of MA and
softening of bainite ferrite occur during tempering and the synergistic effect between these
two processes determines the strength and impact toughness [35].

4. Conclusions

In summary, NT and QT heat treatment manufacturing processes were utilized to
make the mechanical properties of the novel sucker rod steel reach H grade requirements.
The microstructure and mechanical properties of the experimental steel were comparatively
investigated. Several conclusions can be given as follows:

1.  The microstructure of normalizing and quenching was granular bainite and lath
martensite, respectively. After tempering at 600 °C, the microstructure of NT and QT
samples was tempered sorbite. The ferrite matrix was blocky or polygonal, and the
large size carbides were distributed in the MA /ferrite matrix interfaces and grain
boundaries after NT heat treatment. The ferrite matrix inherited the prior martensite
lath structure after QT heat treatment. The size of carbides at grain boundaries or the
interface of martensite laths was smaller and the degree of dispersion was higher.

2. Through N (880 °C) + T (600 °C) and Q (860 °C) + T (600 °C) heat treatment pro-
cesses, the mechanical properties of the novel sucker rod steel met the requirements
of GB/T 26075-2010. Specifically, the tensile strength (Rm), yield strength (Rpg2),



Metals 2022, 12, 294 90of 10

elongation (A) and impact toughness (Kuy) at room temperature of NT/QT were
1010.58/1124.37 MPa, 875.93/1042.63 MPa, 15.66/11.59% and ~77.48/~111.69 ] /cm?,
respectively. During tensile loading, the finer and more dispersed carbides in the QT
sample provided the abundant nucleating sites, resulting in a better strengthening
effect shown as the higher tensile strength.

3. N (880 °C) + T (600 °C) and Q (860 °C) + T (600 °C) heat treatment are suitable
processes for manufacturing H grade novel sucker rod steel. This study will provide
a reference for the manufacturing, application and promotion of this novel sucker
rod steel.
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