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Effects of Heat Treatment on Mechanical Properties of
Stainless Steel Wire
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Department of Dental Technology, Dongnam Health University, Suwon, Korea

Objective: The purpose of this study is to investigate the heat treatment conditions to minimize the change of mechanical
properties before and after the heat treatment of orthodontic stainless steel round wire with the length of 250 mm diameter
of 0.9 mm.
Methods: 250 mm long straight tensile test specimens and 30 mm straight bend test specimens were fabricated in stainless
steel wire with a diameter of 0.9 mm to meet the respective test conditions. The specimens were annealed at 300°C, 500°C,
700°C and 900°C without heat treatment and mooring at 20°C per minute. specimens before and after heat treatment were
subjected to a tensile test and a bend test using a universal testing machine.
Results: Analysis of tensile properties proceeded on-way ANOVA. As a result of, there was a significant difference in yield
load, yield strength, maximum load tensile strength. There was no significant difference in fracture displacement at 900°C.
Analysis of the bending properties was carried out on-way ANOVA. As a result of, the maximum load was 300°C, 500°C
and 900°C, and the tensile strengths were significantly different at 500°C and 700°C. There is no significant difference in
maximum displacement.
Conclusion: In the tensile test fracture displacement was higher when the heat treatment is performed at 300°C than that of
the A company specific heat treatment, B, C for the company but the specific heat treatment was higher than 300°C from
500°C heating temperature goes up higher rupture displacement.
Keywords: tensile strength, yield strength, fracture displacement

Introduction

cording to different standards for use by various manufacturers.
These wires are used essentially to manufacture orthodontic
appliances. Stainless steel wire is more resistant to orthodontic
force than other orthodontic wire, but elasticity, elastic limit and
resilience are very important because orthodontic force is transmitted to teeth or jaws when making orthodontic appliance.
Therefore, stainless steel wire improves the mechanical properties by cold working and plastic deformation [1,2].
However, the stainless steel wire produced by the cold machining process (chrome 18%, nickel 8%) has consequences,
for example when the production of orthodontic appliances in
clinical bending inevitably causes mechanical and physical

Orthodontic stainless steel wire is manufactured and sold ac-
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property changes due to residual stress.
These residual stresses cause the unnecessary movement of
the tooth due to the deformation of the wire, or cause the fracture
of orthodontic appliance, so heat treatment is carried out at
400°C-500°C. However, the elastic modulus and yield strength
may increase by 10% to 40% [3].
The heat treatment to minimize changes in mechanical and
physical properties, such as concentration of stress accompanied by bending, contributes not only to improving the mechanical properties of the wire but also the stability after bending [2].
In addition, orthodontic wire was used, after cold work and
plastic deformation when performing the stress relief heat treatment, to carry out in a vacuum or inert atmosphere to prevent
oxidation of the surface as much as possible and to suppress the
deterioration of corrosion resistance during cooling. It is possible to inhibit the formation of irregular hydroxides, and after
the heat treatment, the oxide must be removed through posttreatment [4].
In addition, there are many studies to improve the mechanical
properties such as elasticity, yield strength and fracture strength
through internal stress removal by heat treatment of stainless
steel wire [5-7]. Residual stresses due to bending of stainless
steel wire during the manufacture of orthodontic appliances
may return the steel wire to pre-fabricated form, cause stress
corrosion cracking, and cause the device to fracture.
Therefore, stainless steel wire is theoretically known to be
heat treated at low temperature (200°C-300°C) for stress relief
after drawing and spring fabrication [1]. However, in the clinic,
a short time heat treatment is performed at 450°C or higher in
the atmosphere, and different cooling methods are selected.
Therefore, in this study, the stainless steel wire is heat treated
in the air according to the specific heat treatment and temperature changes of 300°C, 500°C, 700°C and 900°C, and the cooling method is to be performed without the mooring process. The
optimum heat treatment condition for reducing the residual
stress is determined by comparing the tensile test, elongation,
elastic modulus, and flexural fatigue test before and after heat
treatment, leading to the development of a highly resistant dental orthodontic appliance.

Materials and Methods
1. Study subject
The purpose of this study is to investigate the heat treatment
conditions of stainless steel round wire for orthodontic appliances with a length of 250 mm and a diameter of 0.9 mm to minimize changes in mechanical properties before and after heat
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treatment.

2. Study method
1) Specimen making
5 pieces of straight specimens having a length of 250 mm corresponding to each specific heat treatment or heat treatment
condition were manufactured with a stainless steel wire (round)
having a diameter of 0.9 mm from A, B, and C company.
2) Heat treatment of specimen
(1) Test temperature: Specific heat treatment, 300°C, 500°C,
700°C, 900°C.
(2) Heat treatment: Raising 20°C per minute in the atmosphere,
No plowing process.
(3) Cooling method: Furnace cooling.
3) Physical property test
(1) The tensile test was carried out at a moving speed (cross
head speed) of 5.00 mm/min with a 500 kg load cell universal
testing machine (Model 4466; Instron, Norwood, MA, USA)
before and after the heat treatment. The focal distance of the wire
was tested at 100 mm, and the yield strength, tensile strength,
and fracture displacement were measured.
(2) The bending test was carried out with 10 and 30 mm specimens at a crosshead speed of 5.00 mm/min with a 500 kg load
cell universal testing machine (Model 4466; Instron) and the focal distance of the wire rod was 10 mm. The maximum load,
maximum displacement and tensile strength were measured.

Results
1. Tensile properties
Analysis of tensile properties proceeded on-way ANOVA.
As a result of The Tukey test, there was a significant difference
in yield load (Table 1), yield strength (Table 2), maximum load
(Table 3), tensile strength (Table 4). There was no significant
difference in fracture displacement at 900°C.

2. Bending properties
Analysis of the bending properties was carried out on-way
ANOVA. As a result of the Tukey test, The maximum load
(Table 5) was significantly different from 300°C, 500°C and
900°C, and there was no significant difference in the maximum
displacement (Table 6). There was a significant difference in
tensile strength (Table 7).
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Table 1. Yield load properties of stainless steel orthodontic wires
Wire
A company
B company
C company
p-value

Yield load (kgf)
No heat treatment
b

77.05±0.702
a
73.38±0.332
78.38±0.516c
＜0.000

300°C

500°C

700°C

900°C

105.76±3.760c
a
76.24±0.670
b
85.87±0.733
＜0.000

84.89±0.682c
a
74.63±0.598
b
78.62±0.910
＜0.000

51.70±0.733b
b
51.91±0.499
41.84±1.236a
＜0.000

25.80±0.437b
a
24.74±0.230
b
25.37±0.078
＜0.000

Values are presented as mean±standard deviation. p-value by one-way ANOVA test.

abc

Same letter means no statistical different by Tukey test.

Table 2. Yield strength properties of stainless steel orthodontic wires
Wire
A company
B company
C company
p-value

Yield strength (MPa)
No heat treatment

300°C

b

1,171.17±23.197
1,120.04±2.546a
1,200.98±7.9145c
＜0.000

500°C
c

700°C
c

1,620.55±57.606
1,168.16±10.270a
1,328.39±24.775b
＜0.000

1,285.68±12.015
1,143.54±9.160a
1,225.13±18.955b
＜0.000

900°C
b

395.96±1.755c
375.29±3.055a
385.17±0.871b
＜0.000

770.94±11.244
789.76±6.445b
641.14±18.935a
＜0.000

Values are presented as mean±standard deviation. p-value by one-way ANOVA test. abcSame letter means no statistical different by Tukey test.
Table 3. Maximum load properties of stainless steel orthodontic wires
Wire
A company
B company
C company
p-value

Maximum load (kgf)
No heat treatment
b

121.94±1.649
114.86±0.564a
125.66±0.215c
＜0.000

300°C

500°C
b

700°C
c

131.44±1.128
121.57±0.385a
134.70±0.629c
＜0.000

134.23±1.570
119.20±0.188a
127.67±1.416b
＜0.000

Values are presented as mean±standard deviation. p-value by one-way ANOVA test.

900°C
b

42.59±0.158c
38.76±0.222a
41.76±0.109b
＜0.000

79.54±1.026
81.79±0.287c
61.89±1.084a
＜0.000

abc

Same letter means no statistical different by Tukey test.

Table 4. Tensile strength properties of stainless steel orthodontic wires
Wire
A company
B company
C company
p-value

Tensile strength (MPa)
No heat treatment
b

1,854.26±18.790
1,754.02±5.322a
1,931.72±11.689c
＜0.000

300°C

500°C
b

2,014.02±17.277
1,862.85±5.901a
2,041.18±16.389c
＜0.000

700°C
c

2,056.79±24.057
1,826.11±3.446a
1,956.29±21.701b
＜0.000

900°C
b

1,211.73±12.815
1,249.62±11.701c
948.34±16.608a
＜0.000

651.39±1.133c
593.86±3.409a
644.54±1.923b
＜0.000

Values are presented as mean±standard deviation. p-value by one-way ANOVA test. abcSame letter means no statistical different by Tukey test.
Table 5. Maximum load properties of stainless steel orthodontic wires
Wire
A company
B company
C company
p-value

Maximum load (kgf)
No heat treatment
1.00±0.115
0.99±0.037
0.87±0.056
0.045

300°C

500°C
b

1.07±0.135
0.73±0.081a
0.99±0.139b
0.002

b

1.15±0.122
0.84±0.147a
1.07±0.100b
0.005

Values are presented as mean±standard deviation. p-value by one-way ANOVA test.

700°C

900°C

1.12±0.152
0.93±0.053
1.18±0.044
0.681

1.29±0.031
1.17±0.055a
1.26±0.022b
0.001

b

abc

Same letter means no statistical different by Tukey test.
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Table 6. Maximum displacement properties of stainless steel orthodontic wires
Wire
A company
B company
C company
p-value

Maximum displacement (mm)
No heat treatment

300°C

500°C

700°C

900°C

0.09±0.000
0.09±0.000
0.09±0.000
1.000

0.09±0.004
0.09±0.004
0.09±0.004
0.300

0.09±0.005
0.09±0.000
0.09±0.004
0.100

0.09±0.005
0.09±0.004
0.09±0.000
0.335

0.09±0.004
0.09±0.004
0.09±0.000
0.619

Values are presented as mean±standard deviation. p-value by one-way ANOVA test.

abc

Same letter means no statistical different by Tukey test.

Table 7. Tensile strength properties of stainless steel orthodontic wires
Wire
A company
B company
C company
p-value

Tensile strength (MPa)
No heat treatment
b

15.38±1.778
ab
15.14±0.562
a
13.36±0.855
0.038

300°C

500°C
a

16.39±2.063
12.94±1.346a
15.13±2.132ab
0.039

17.51±1.864
12.90±2.244a
15.63±0.678ab
0.004

Values are presented as mean±standard deviation. p-value by one-way ANOVA test.

Discussion
Orthodontic stainless steel wires should be resistant to discoloration and corrosion, and should retain their ability to exhibit continuous corrective force without being softened after
heat treatment [8]. Stainless steel wire should have a good elastic limit [9].
In other words, the stainless steel wire should have excellent
elasticity and elastic limit return to the circular shape [9].
Orthodontic stainless steel wire has considerable residual
stresses inside the wire during cold working due to the drawing
process.
In addition, a significant amount of residual stress exists, according to the plastic deformation during the manufacturing of
orthodontic appliances. In other words, the spring of orthodontic appliances manufactured by stainless steel wire generates internal stress due to non-uniformity of bending, and this
internal stress may cause undesired tooth movement due to elastic memory restoration pattern [10]. Therefore, residual stress
is removed by heat treatment to prevent unwanted tooth movement due to residual stress.
In order to remove the residual stress, it is desirable to heat
the stainless steel wire at a low temperature (200°C to 350°C)
for a long time, however the heat treatment in clinical practice
is carried out in a short time at 450°C or higher in the atmosphere
and then cooled by the furnace cooling method.
Thurow [2] reported that heat treatment of the bending stainless steel wire stabilizes the shape of the wire due to improved
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700°C
b

900°C
b

17.12±2.334
14.16±0.806a
17.95±0.386b
0.003

19.21±1.313
17.98±0.847
19.22±0.328
0.089

abc

Same letter means no statistical different by Tukey test.

mechanical properties and removal of internal stress.
In addition, there are several studies on heat treatment methods to improve mechanical properties by internal stress recovery of bending stainless steel wire [5-7,11]. Brantley and
Eliades [3] reported that when heat treated at 400°C-500°C, the
elastic modulus and yield strength increased by 10%-40%
approximately. Funk [12] showed that the permanent deformation was small and the elasticity was the greatest when heat treatment was performed at 850°F for 3 minutes.
In addition, Howe et al. [13] reported that 20%-40% residual
stress was removed and yield strength increased when annealed
at 700-900°F for 15 minutes. Goldberg et al. [14] reported that
the elastic modulus and the yield strength decrease.
Thurow [2] have reported that heat treatment increases the
elastic memory and induces a rapid change in the shape of the
wire, and Durr et al. [15] reported that the stability of the cobalt-chrome stainless steel wire was restored after restoration
of the cobalt-chrome stainless steel wire, regardless of the heat
treatment method.
Lee and Son [16] showed that the phase transformation of
stainless steel round wire (chromium 18%-nickel 8%) occurred
at 400°C-650°C during the heat treatment process at 400°C700°C, and the tensile strengths of the specimens were 500°C
for 3 minutes (232.5±2.2), 6 minutes (231.7±1.8) and 9 minutes
(232.5±2.2), (203.8±3.3) and 9 minutes (201.4±3.6), respectively. He said that the restoring force is highest at 500°C for
6 minutes (3 minutes→264±5.5), 6 minutes→266±5.5, 9 minutes→264±5.5), the stiffness is also highest at 500°C, for 6 mi-
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Table 8. Break-displacement properties of stainless steel orthodontic wires
Wire
A company
B company
C company
p-value

Break-displacement (mm)
No heat treatment
a

2.67±0.064
a
2.68±0.097
b
5.50±0.694
＜0.000

300°C

500°C

700°C

900°C

4.29±0.382b
a
2.41±0.077
2.64±0.048a
＜0.000

2.55±0.131a
b
3.13±0.072
3.15±0.041b
＜0.000

5.57±0.184b
a
3.57±0.335
12.67±0.344c
＜0.000

12.46±0.015
12.45±0.004
12.45±0.005
0.152

Values are presented as mean±standard deviation. p-value by one-way ANOVA test.

nutes (3 minutes→50.6±0.5), 6 minutes→51.8±2.9), 9 minutes→
50.5±2.8) , and the maximum tensile and yield strength tend to
decrease rapidly at 700°C, which is considered to be the result
of wire recrystallization. Also, in this study, the effect of temperature on the physical properties of stainless steel wire is greater
than the heat treatment time. Howe et al. [13] also showed that
the mechanical properties of stainless steel wire were the best
when heat treatment was performed for 5 minutes at
399°C-510°C. Kohl [1] also reported that when annealing a
stainless steel wire at 700°C or more, the annealing caused the
residual stress to disappear due to the curing phenomenon
formed during cold working.
In order to remove stress, Shim [4] is usually heated at 400°C
to 500°C for 5 to 10 seconds, and dental orthodontic wire is usually heat treated at 450°C for 1 minute and stainless steel wire
is heated to 650°C. The material is softened and carbides are precipitated, which adversely affects the physical properties of the
material. In this test, the yield load was higher than that of the
non-heat treatment by 300°C-500°C, and when heated to 700°C
and 900°C, it decreased to 2/3 and 1/3 of the non-heat treatment
(Table 1).
The yield strength was higher for A and B than for non-heat
treatment, and lower for A and B than for non-heat treatment,
and higher than 300°C-500°C for B and C by 2/3 and 1/3 of levels (Table 2). The maximum load was higher in the case of annealing at 300°C-500°C than in the non-heat treatment, and decreased to 2/3 and 1/3 in case of heating at 700°C and 900°C
(Table 3). The maximum load of the bending test was higher for
A and C companies when the heat treatment temperature was
increased. For B company, it was lower when heat treated at
300°C-700°C than at non-heat treatment, and was higher when
it was heated at 900°C (Table 5). In the bending test, the maximum displacement before and after the heat treatment was not
significant (Table 6).
Tensile strength was higher at 300°C-500°C than at non-heat
treatment and decreased to 2/3 and 1/3 at 700°C and 900°C, respectively (Table 4). The tensile strength of the bending test was
lower than that of the non-heat treatment at 300°C to 700°C for

abc

Same letter means no statistical different by Tukey test.

Company B, and higher for 900°C and higher for A and C companies (Table 7).
The fracture displacements were higher in the case of
Company A than in the case of non-heat treatment at 300°C,
while in Company B and Company C, the specific heat treatment was higher than 300°C, but from 500°C, the fracture displacement increased as the heating temperature increased
(Table 8).
For companies A, B, and C, the results of the yield load, yield
strength, maximum load, tensile strength, and fracture displacement in this test are used for the cold working method, the
included elements, the heat treatment tool and the heat treatment temperature, However, when annealed at 300°C-500°C,
the stress is removed and the mechanical properties are
increased. On the other hand, if annealing is performed above
500°C, the inherent mechanical properties of stainless steel
wire It is considered that the heat treatment temperature should
be in the range of 300°C to 500°C.

Conclusion
Five straight pieces of stainless steel wire (round) having a
diameter of 0.9 mm and a length of 250 mm were manufactured
for each of the companies A, B and C , and the test results of
yield strength, maximum load, tensile strength and fracture displacement after heat treatment (300°C, 500°C, 700°C, 900°C)
were as follows.
1. In the tensile test, the yield load was higher than that of
non-heat treatment at 300°C-500°C and decreased to 2/3 and
1/3 of that at non-heat treatment at 700°C and 900°C.
2. In the tensile test, yield strength of A company was lower
than that of non-heat treatment at higher heat treatment
temperature. In case of company B and C, the yield strength was
higher than that of non-heat treatment at 300°C-500°C. When
heated to 700°C and 900°C, it dropped to 2/3 and 1/3 of the specific heat treatment.
3. In the tensile test, the maximum load was higher than that
of non-heat treatment at 300°C-500°C and decreased to 2/3 and
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1/3 of that at non-heat treatment at 700°C and 900°C.
4. The maximum load of the bending test was higher for A
and C companies as the heat treatment temperature increased,
In the case of Company B, it was lower when heat treated at
300°C-700°C than non-heat treatment, when heated to 900°C,
it became higher than non-heat treatment. In the bending test,
the maximum displacement before and after the heat treatment
was not significant.
5. Tensile strength was higher than that of non-heat treatment at 300°C-500°C, and when heated to 700°C and 900°C,
it dropped to 2/3 and 1/3 of the specific heat treatment. The tensile strength of the bending test was lower at 300°C-700°C than
that of non-heat treatment for Company B, but increased when
it was heated to 900°C, and when the heat treatment temperature
was higher for A and C companies.
6. In the tensile test, the fracture displacement was higher
in the case of Company A than that of non-heat treatment at
300°C. In the case of B and C companies, the specific heat treatment was higher than 300°C, but the breaking displacement increased as the heating temperature increased from 500°C.

References
1. Kohl RW. Metallurgy in orthodontics. Angle Orthod 1964;34:
37-52.
2. Thurow RC. Edgewise orthodontics. 4th ed. Saint Louis:
Mosby; 1982:42-66.
3. Brantley WA, Eliades T. Orthodontic materials: scientific and
clinical aspects. Stuttgart: Thieme; 2001:77-103.
4. Shim YH. The effect of heat treatment on the corrosion proper-

202 Vol. 13, No. 4, December 2017

5.
6.

7.

8.
9.
10.

11.
12.
13.

14.

15.

16.

ties of orthodontic super stainless steel wires [thesis]. [Seoul]:
The Graduate School Yonsei University; 2001:6-7.
Burstone CJ, Goldberg AJ. Maximum forces and deflections
from orthodontic appliances. Am J Orthod 1983;84:95-103.
Khier SE, Brantley WA, Fournelle RA. Structure and mechanical properties of as-received and heat-treated stainless steel orthodontic wires. Am J Orthod Dentofacial Orthop 1988;93:20612.
Lane DF, Nikolai RJ. Effects of stress relief on the mechanical
properties of orthodontic wire loops. Angle Orthod 1980;50:
139-45.
O’Brien WJ, Ryge G. An outline of dental materials and their
selection. Philadelphia: Saunders; 1978:307-19.
Skinner EW, Phillips RW. Skinner’s science of dental materials.
7th ed. Philadelphia: Saunders; 1973:653-4.
Oh JS, Park SB, Son WS. Effects of low-temperature heat treatment on elastic memory process of cold worked stainless steel
wire. Korean J Orthod 1992;22:647-56.
Nikolai RJ. Bioengineering analysis of orthodontic mechanics.
Philadelphia: Lea and Febiger; 1985:233-69.
Funk AC. The heat-treatment of stainless steel. Angle Orthod
1951;21:129-38.
Howe GL, Greener EH, Crimmins DS. Mechanical properties
and stress relief of stainless steel orthodontic wire. Angle Orthod
1968;38:244-9.
Goldberg AJ, Vanderby R Jr, Burstone CJ. Reduction in the modulus of elasticity in orthodontic wires. J Dent Res 1977;56:
1227-31.
Durr DP, Vargas R, Adair SM. Evaluation of stress-relief methods on cobalt-chromium orthodontic wires. Pediatr Dent
1988;10:205-9.
Lee MS, Son BH. The effects of heat treatment of orthodontic
wires. Korean J Orthod 1992;22:591-602.

